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Development and study of a multi-criteria optimal control algorithm
for the static mode of the fruit tunnel dehydration process

AVTANDIL BARDAVELIDZE - KHATUNA BARDAVELIDZE - OTARI SESIKASHVILI

Summary

In the study, based on the analysis of the technological process of drying apricots on a tunnel-type drying machine, the
governing parameters and the control parameters at the exit of dehydrator as well as disturbing factors were deter-
mined. Fruit and air control parameters at the outlet of the tunnel-type drying chamber were determined as the final
value of the state vector components, the solution of the system of non-linear ordinary differential equations with
distributed parameters, describing the static mode of the drying process. With respect to assessing the quality of drying
process control, the requirements of minimum energy consumption during drying, achieving maximum productivity and
maintaining the desired value of the residual moisture content of the product were used. In order to reach a compro-
mise between these requirements, a Pareto-optimal solution of the problem was proposed, for which a linear fold of
the first and second criteria was introduced and the dependence of the minimum value of a new criterion on the fold
parameter was considered. Based on the analysis of the results, approximately 5 % reduction in energy consumption

with a significant increase in the quality of the dried fruits could be achieved.
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A drying process is a form of food processing
and preservation aimed at prolonging the shelf life
of some food products while minimizing volume
and weight during transportation. Dehydration
reduces water activity and increases concentration
of sugars in raw materials, which prevents enzy-
matic degradation and inhibits microbial growth.
Therefore, storage duration of dried fruits is long
and so they can be available for a long time. Due
to the almost total absence of water in the dried
product, most spoilage and microbiological reac-
tions are stopped, which ultimately leads to a high
quality product. However, if the level of moisture
content drops too low, a fruit may become hard,
unsuitable for eating and require rehydration. As
a result of research, it has been established that
fruits should be dehydrated to a certain optimum
value of moisture in order to maintain their qual-

ity for further processing or storage, otherwise we
would deal with unjustified costs, because when
overdrying fruits, energy consumption increases
and product quality decreases. Dried fruits should
have a moisture content that significantly reduces
the possibility of the growth of yeasts and filamen-
tous fungi. The residual moisture content of the
product is a major technological parameter of the
drying process, which determines the quality of the
product. In the food industry, a certain portion of
the energy consumed falls on drying the product
and energy saving reduces the cost of the product.
Moreover, it determines to a great extent the tech-
nical-economic efficiency of the drying process.
Based on these circumstances, the effective solu-
tion of the problem of optimal control of the dry-
ing process using modern computer technologies
is a highly topical issue [1-5].
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Fruits have been dried under natural conditions
since ancient times. The traditional drying method
requires simple equipment, require little energy
and economic costs, but the quality of the dried
product is too low compared to industrial drying
methods. Among the industrial drying methods,
the convection drying method, which is carried out
in devices of various types and designs, has found
wide application in fruits drying, in accordance
with the requirement of ensuring the preservation
of the fruit structure and other properties. Since
the main technological parameters of the drying
process are of great importance in determining the
quality of the product, it makes sense to analyse
the influence of the optimized parameters on the
colour of the dried fruits together with content of
B-carotene and vitamin C in them [3, 4].

The research results of ELWAKEEL et al.
[4] showed that heat treatment of dates up
to the maximum temperature of 60-65 °C, at
a certain rate of air flow, has a positive effect,
which ensures the appropriate level of moisture
and quality of date sugar. GoLisz et al. [5] and
CosME-DE VERA et al. [6] studied the fruits drying
process with horizontal hot air flow in laboratory
drying machines and established that the drying
rate was influenced by the temperature of the
drying agent more than by the air blowing rate in
the dryer. In the study, a mathematical model of
the second period of the drying process of fruits
was developed, based on which, as a result of the
optimization, it was established that in order to
increase the quality and shelf-life of the product,
it is advisable to maintain a low temperature of the
drying agent at the beginning and at the end of the
drying process.

LAPCZYNSKA-KORDON et al. [7] carried out
multi-criteria optimization of the change in quality
indicators (taste, colour, odour) of dried fruits ob-
tained by microwave convection drying of apples.
The optimal decision was made by the method of
genetic algorithm. ZHANG et al. [8] focused the
research on multi-criteria optimization of infra-
red bilberry drying. To find the Pareto-optimal
value of drying time, consumed energy, rehydra-
tion capacity and ascorbic acid content, an artifi-
cial neural network was developed. SINGH et al.
[9] considered the analytical hierarchy method for
the multi-criteria optimization of the microwave
drying process of mango. Based on the analysis
of the coefficients of a mathematical model, the
minimum values of energy consumption and dura-
tion of drying were determined. KiLi¢c and CINAR
[10] carried out an experimental study of the
process of convective drying of vegetables. From
the characteristics of the convective drying process
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of carrots, courgette and eggplant at various tem-
peratures (60 °C, 70 °C and 80 °C), it could be
seen that drying occurred during the period of
falling rate of drying. An increase in the drying
agent temperature from 60 °C to 80 °C decreased
the drying time of carrot, courgette and eggplant
by 35 %, 45 %, and 50 %, respectively, while the
drying rate coefficients increased with increasing
the drying agent temperature.

WANG and Rancaian [11] highlighted that
multi-criteria optimization provided several deci-
sions that were equally good for achieving the set
goal. These decisions are known as the Pareto-op-
timal frontier, which provides a deep insight into
the choices of solutions to achieve the objectives.
Selection of the optimal solution from a large
number of possible ones is not a subject of much
attention, although among the studied methods,
the method of order of preference with a kind of
the ideal solution is better suited for this purpose.

In order to evaluate the physico-chemical pa-
rameters of apples and apricots during drying
in a pilot-production convective drying appara-
tus, the drying of cut fruits was observed at tem-
peratures of 50 °C, 60 °C, 70 °C, 80 °C, air speed
of 1.0 ms!, 1.5 m's'l, 2.0 m's-! and relative hu-
midity of 40-45 %. VELEscU et al. [12] noted that,
by increasing the air speed and temperature, the
expected effect of water evaporation from the
product was achieved. To study the effective-
ness of the process of drying various fruits with
a microwave oven, an experimental mathematical
model was developed using the curve approxima-
tion method [13]. The model of the drying process
was loaded into the smart oven processor and the
drying process was controlled in real-time mode
[14].

VURAL et al. [15] considered multi-criteria op-
timal drying of olive leaves. In order to increase
the oil extraction efficiency, the Pareto frontier
was obtained from the predicted quadratic linear
models using the least squares method. A compro-
mise solution was found using the fuzzy c-means
clustering algorithm (FCM). WINICZENKO et al.
[16] reported on the experimental research on the
process of convective drying of apples in labora-
tory conditions. A mathematical model was ob-
tained and optimization was carried out based
on the pre-optimization criteria of apple colour
difference, volume ratio and water absorption ca-
pacity.

Based on the analysis of the available scientific
works on the topic presented above, it was found
that various researchers were trying to achieve the
efficiency of the fruits drying process by chang-
ing the temperature of the drying agent and its
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blowing speed, reducing the size of the product of
a certain shape and increasing the drying surface
area, using innovative and presented combined
methods of drying, selecting the drying device,
which the technical-economic indicators of the
drying process depend on. With these measures,
achieving the efficiency of the drying process of
various fruits in industrial conditions is difficult
and requires large economic costs. The exist-
ing management methods and automation soft-
ware for convective drying of fruits cannot ensure
the optimal management of the technological
process, which is expressed in the achievement
of minimum energy consumption during the dry-
ing process and the maximum possible productiv-
ity of the drying machine, while maintaining the
standard amount (7 %) of residual moisture con-
tent of the product.

The requirement of the minimum energy con-
sumption for the drying process and the maximum
possible productivity of the drying machine simul-
taneously, under certain technological limitations,
is considered among the classical problems of opti-
mal control theory and can be solved by any of the
methods proposed for this purpose. However, it is
clear that the requirement to maintain the desired
amount of residual moisture content of fruits and
to achieve the maximum possible productivity
of the drying unit are in conflict with each other,
without taking into account the requirement of
the minimum energy costs for drying. This task
belongs to the scope of optimal control theory and
its solution is implemented by an optimizing tech-
nique.

Based on the foregoing, it makes sense to set
and solve the problem of optimal control of the
fruits drying process with distributed parameters
that occurs in the tunnel-type drying apparatus in
static mode, as a multi-criteria (vector) optimiza-
tion problem under technological constraints —
by direct search for the saddle point of the linear
fold of the individual optimal control criterion
(with a Pareto-optimal solution [17, 18]), which
is a scientific novelty of this research. The goal of
this study was to develop an effective algorithm for
managing the process of fruits drying in a tunnel-
type drying machine, which would provide a so-
lution to the multi-criteria optimal management
task — minimizing energy costs during the drying
process and achieving the maximum possible pro-
ductivity of the tunnel-type drying machine, while
maintaining the standard value of the residual
moisture content of the product.

MATERIALS AND METHODS

Samples

To achieve the set goal, we selected and pur-
chased ripe, dense apricots suitable for drying at
the market in Kutaisi (Georgia) as the research
object. Fruits of apricot (Prunus armeniaca) are
a high-moisture product, whose dehydration
and obtaining dried fruits is associated with con-
siderable problems. The problems are caused by
variability of properties and composition of fruits,
depending on the cultivar, origin, growing condi-
tions and the degree of ripeness. These circum-
stances predetermine the nutritional value and
taste. In the study, the methods of convection
heating, mathematical modelling, experimental
research, vector optimization, non-linear program-
ming and optimal control theory were used.

Equipment
Tunnel-type dehydrators are mostly used for

drying stone fruits and grapes. Accordingly, in the

development of the multi-criteria optimization
algorithm of the static mode of the drying process,
we used the technological data of the industrial
tunnel-type dehydrator PR128T-3000/4 (Flight-M,

Moscow, Russia) and applied the research results

to it.

The drying unit was equipped with:

— automatic temperature measuring devices of
the drying agent at the inlet and outlet of the
drying chamber;

— automatic devices for measuring relative hu-
midity of wet and exhaust air.

The dryer has an interface that works in
parallel with the controller to realize the multi-
criteria optimization algorithm of the static mode
of drying in the tunnel-type device.

Methods

We measured the moisture content of apricots
at the inlet and outlet of the drying chamber by
laboratory analysis.

The product to be dried (e.g. fruits or
vegetables) is laid in a single layer on grating
plates, which are placed on a special drying trolley.
The drying trolley in the dryer moves in the work-
ing chamber by means of a step-by-step conveyor.
In the working chamber, the flow of the drying
agent moves in the direction opposite to the move-
ment of the drying trolley loaded with the drying
product, gradually losing heat and gaining mois-
ture, while the product moving, on the contrary, is
heated and loses moisture.

Several drying trolleys are located in the
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chamber simultaneously, the number of which
is determined by the design of the dryer. Peri-
odically, at pre-determined intervals, one trolley
with the dried product is unloaded at the outlet
of the working chamber. Simultaneously, another
trolley with the product to be dried is loaded at the
inlet of the working chamber. The time intervals
between loading of trolleys is determined by the
estimated duration of the drying process for each
type of the product being dried. During the time
interval of drying, each trolley remains stationary
in the working chamber.

To increase the efficiency of the tunnel-type
dehydrator (quantified for 1 kg of evaporated
moisture, depending on the required heat con-
sumption), partial re-circulation of the working air
can be used [1].

Technological control of the tunnel-type de-
hydrator is carried out according to the following
positions:

— the temperature and relative humidity of the
drying agent supplied to the outlet of the hot
air dryer at the outlet of the working chamber;

— temperature and relative humidity of the dry-
ing agent released from the drying chamber
and again supplied to the inlet of the drying
chamber;

— the speed of air movement in the working
chamber;

— pressure at the inlet and outlet of the chamber.

The tunnel-type drying equipment complicates
the control of the temperature and humidity of
the product during the drying process. Drying in
tunnel-type dehydrators is carried out in batches,
in a nearly stationary regime. Before launch, the
drying agent, which is heated to a temperature of
80 °C, circulates inside the drying chamber. Once
reached the required temperature in the dry-
ing chamber, the dryer is gradually loaded with
a product and the established trolleys loading-
unloading mode is maintained [1-3].

At the wet end of the channel, on the side of
the loading position of trolleys, a temperature
of 50-65 °C and 70-85 % relative humidity are
usually maintained, while at the dry end of the
channel (on the side of the unloading position of
trolleys) temperature of 75-80 °C and 7 % relative
humidity are usually maintained.

The final (residual) moisture content of dried
fruits is regulated by the requirements of the
standard [19] and its control is very important,
since excess drying may lead to significant waste
of heat and loss of product quality. On the other
hand, insufficient drying may lead to microbiolo-
gical instability of the product [3].
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The main mode parameters of tunnel dehydra-
tors are as follows:

— loading (stopping) period of the drying trolleys;

— air circulation and the location of the gates of
a suction port;

— the location of the distribution valves ensuring
even distribution of the drying agent flow in re-
lation to the section of the drying channel;

— parameters of the drying agent at the bottom
of the drying channel (temperature and
humidity).

The main disturbing factors in the operation of

tunnel dehydrator are as follows:

— changes in the product temperature and initial
moisture content;

— changes in temperature and humidity of the in-
coming air;

— random change in the total amount of the
product and non-uniformity of its distribution
in the drying trolleys.

The change in the amount of fruits to be dried
in the dryer and the non-uniformity of the product
distribution are largely due to the manual load-
ing technology of the drying trolleys, as well as the
lack of means of mechanizing the loading posi-
tion, as a result of which the technological process
is unstable. For example, in order to equalize the
residual moisture content in the volume of the
product, after drying, it is often necessary to stop
the drying trolleys in an enclosed area for a certain
period of time.

We determined the initial moisture content of
apricots according to GOST 32787-2014 [20]. The
final moisture control was periodically carried
measured by the gravimetric method according to
GOST 9516-92 [21]. At the initial stage, we took
on average 200 g sample of dried apricots and
placed them in a drying cell separately. At the
end of the drying cell, we determined the mass of
the same sample. We determined the final mois-
ture content based on the difference in the mass
of the sample using an electronic digital analytical
balance SF-400C model (Toms, Qilin, China) with
a weighing accuracy of 0.01 g.

In general, the drying process in the tunnel-
type dehydrators is a continuous-type process and
corresponds to a nearly stationary mode. Since the
operating mode affects the technological variables
of the tunnel dryer, drying regulations and tech-
nology are not compatible. Therefore, the control
of the process can only be based on optimization
of the static mode [1-3].
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Statistical analysis

Reliability of the obtained data was evaluated
by T-test using the Windows IBM SPSS Statistics
version 20.0 software (IBM, Armonk, New York,
USA). To describe the ordered samples, we used
statistical functions of the average arithmetic
value and the average standard error. We used
a reliability level of p < 0.05.

RESULTS AND DISCUSSION

In order to solve the problem of optimiza-
tion of the static mode of drying of dried fruits in
a tunnel dryer, three input (controlling) variables
are needed, in particular:

u =1 (1)

where 11 is control variable 1 and 1/ is dwell time
of the product in the drying chamber (in minutes);

u, = T,(0) (2)
where u2 is control variable 2 and 7;(0) is the

drying agent temperature at the inlet of the drying
chamber (in degrees Celsius);

u; =pf 3)

where u3 is control variable 3 and f is the volume
of fresh air sucked into the drying chamber from

a drying agent preparation system (in cubic
metres).

Since the goal of the research was the mul-
ti-criteria optimization of the static mode of
the tunnel-type dehydrator with distributed
parameters, we used a mathematical model
of the tunnel-type dryer that we have already
developed — a system of ordinary non-linear
differential equations (Eq. 4-8 in Tab. 1), in the
Cauchy normal form, which describes the distri-
bution of the main technological parameters
in the dryer along the longitudinal coordinate
(/, in metres) of the dryer [3]. The product and
air parameters at the outlet of the drying cham-
ber can be determined as a solution of a system
of differential equations (Eq. 4-8) describing the
drying process which in a vector-matrix form can
be more briefly written as follows:

y’:f(ylu)' )’(0):}’0 (9)

The system Eq. 9 with boundary conditions
(0 <1 <1) describes the distribution of stationary
state values of the process variables along the lon-
gitudinal coordinate of the drying chamber linking
the inlet and outlet of the drying chamber.

Since the wet air from the outlet of the dryer
returns to its inlet, its moisture content at the inlet
depends on the moisture content of the air at the
outlet:

Tab. 1. Differential equations describing the drying process.

Technological ‘ At point / At inlet E
echnological parameters r_ — qg.
y=fw y(0) =,
Pressure of drying agent [Pa] dy, K, y,(0) = p, 4
TR fl (yl u)
al 1,
Moisture content of wet product [%] dy y,(0) = w, 5
—E=-NO) = 0w ’ ’
dl
Temperature of product [°C] dy;  aF(ys —ys) — Hyp N3 y3(0) =Ty, 6
TR = f3 (y; u)
dl
Moisture content of drying agent [%] | gy, K,z y,(0) = y, 7
- = Ny = fily,w) ’
dl T,
Temperature of drying agent [°C] dys aF(y;—vys) y5(0) =T, 8
- F CAD)
a

I - longitudinal coordinate of the drying chamber (in metres), u — control variable.

Parameters at point / and at the inlet, respectively: y1(/), po— pressure of the drying agent in the wet end of the drying chamber,
on the side of loading the trolleys; y2(/), wo — moisture content of the wet product; y3(/), Txo — temperature of the product to be
dried; ya(/), yao — moisture content of the drying agent; ys(/), Tao — temperature of drying agent.

oF — heat transfer coefficient between the drying agent and the product (in kilowatts per square metres per degrees Celsius);
Ca — heat capacity of drying agent; Cx — heat capacity of the dried product; Hvap — specific evaporative heat of water (in kilo-
joules per kilogram); Ka — heat transfer coefficient between the drying agent and the product per unit mass of the dried product
(in kilowatts per square metres per kilogram per degrees Celsius); Kp — heat transfer coefficient of the phase separation
between the drying agent and the product per unit mass of the dried product (in kilowatts per square metres per kilogram per
degrees Celsius); N(y) — drying rate (in kilograms per minute); ta — time of movement of the drying agent in the drying chamber
(in minutes); tx — time of product movement in the drying chamber (in minutes).
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Y4(0) = BYeny + (1 = Bya(1) (10)
_ (0) =B leny .
GF = KH <Tﬁ) — l(l)) (11)

where B is volume of fresh air sucked into the
dryer from the drying agent preparation system
(in cubic metres); Gr is fuel consumption in the
heat generator (in kilograms per hour); yen is
the moisture content of the air sucked into the
drying chamber from the system of drying agent
prepration (in percent); ieny is enthalpy of the
air sucked into the drying chamber from the sys-
tem of drying agent prepration (in kilojoules per
mole); i(0) and i(1) is enthalpy of the wet air as
a function of its temperature and moisture con-
tent (i(0) = i(Tu(0), ¥(0)), i(1) = i(Tu(1), y(1)),
expressed in kilojoules per mole); Ky is propor-
tionality factor between the added enthalpy and
fuel consumption (in kilojoules per kilogram).

Thus, the ratio (Eq. 11) determines the fuel
consumption necessary to maintain a constant
temperature 7,(0) at the inlet of the drying cham-
ber. The temperature 7,(0) can also be con-
sidered to have a controlling impact, then the ratio
(Eq. 11) should be used to determine costs of heat
for drying.

The technological scheme of the drying process
in the tunnel-type installation is characterized by
two major features [1, 3, 4]:

— use of both direct and reverse flow of the dry-
ing agent and the drying product;

— heating the drying agent released from the dry-
ing chamber and again supplied to the inlet of
the drying chamber.

Although the direct flow technological scheme
provides a smoother drying mode in the second
period of drying, therefore, the frequent use of the
reverse flow of the drying agent, in any case, leads
to the need to consider the boundary problem of
the static analysis of technological variables in
the drying zone, which is provided by Eq. 10 and
Eq. 11.

Based on the above, in order to determine the
end value of components of the state vector y(1)
at the outlet of the dehydrator, when the input pa-
rameters u = (u1, u2, u3) change, it is necessary to
simultaneously solve Eq. 9 and Eq. 10, that is, the
analysis of each point of the static characteristic of
the tunnel-type dehydrator, by means of the pro-
posed mathematical model Eq. 9, will be reduced
to the solution of the non-linear algebraic Eq. 10.

The drying process is characterized by two con-
flicting indicators of control quality and, in terms
of the control quality assessment, the following re-
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quirements are imposed on the characteristics of
the process [1, 5-7]:

Reducing of fuel consumption in a dehydrator
to the minimum permissible value

Ji(w) = G - min (12)

where J1(u) is criterion for fuel consumption.

The allowable minimum and maximum tem-
peratures of the drying material at which the nutri-
tional value of the product is maintained.

Tmi‘n. < T(l) < Tmax’ 0< l <1 (13)

where Twmin and Tmay are given control limits for
each type of the product being dried (in degrees
Celsius). When controlling the tunnel dryer,
within fairly large limits, we can also change hold-
ing time (tfF) of the material in the drying cham-
ber, which can be considered either as the product
of the number of drying trolleys placed in the dry-
ing chamber and holding time, or as the ratio of
the length of the drying chamber (/) to the average
speed (v) of the trolleys.

It is clear that holding time of the material in
the dryer determines the productivity (P) of the
dryer in terms of the amount of the dried mate-
rial, which, together with the energy costs of the
process, should be taken into account when select-
ing the optimal mode of the process. In this re-
gard, it is appropriate to consider the tunnel dehy-
drator control problem to be a vector optimization
problem with two types of quality criteria — crite-
rion J1(«) in Eq. 12 and an additional criterion for
productivity J2(«) in Eq. 14:

Jo(w) = P - max (14)

Since the presented criteria Eq. 12 and Eq. 14
are contradictory, it is impossible to find the best
solution. Therefore, a certain compromise is
needed, which can be successfully found by the
Pareto-optimization method [17].

Since drying is carried out until reaching
a given value of the moisture content of the mate-
rial that is being dried (wr), for any of the above
two criteria, the following condition should be
kept additionally:

ya() = wg (15)

Thus, the problems of energy cost minimiza-
tion (Eq. 12) and drying plant production maximi-
zation (Eq. 14), in order to find the compromise
between two requirements, under the constraints
of Eq. 9, Eq. 10, Eq. 11, Eq. 13 and Eq. 15, are
solved by the Pareto-optimal solution. The Pareto
frontier is described as a parametric curve. For
an effective and reliable approach to the Pareto
frontier, the two-criteria optimization problem
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Tab. 2. Dependence of the minimum value of a new criterion on the fold parameter.

Function Equation Eq.
Minimum value _ _ [ﬂ _ _ _ ]
of the fold parameter | /(010 = T+ (1= [ (0= HOAO) = o) + 8 (14 Kepys (1) (30) = (D) 16

Fold parameter: 0 <u < 1.

J(u, u) - criterion for optimization of the dependence of the governing variables on the u fold parameter, u - fold parameter, u —
governing variables, 1/ — time of movement of unit mass product (in minutes), va — speed of the drying agent movement in the
drying chamber (in metres per minute), 3 — volume of fresh air sucked into the dryer (in cubic metres), y4(0) — moisture content of
the drying agent at the entrance of the drying chamber (in percent), Teny — ambient temperature (in degrees Celsius); Kcp — ratio
of heat capacities of air and water vapour, ys(1) — temperature of the drying agent at the outlet of the drying chamber (in degrees
Celsius), ya(1) — moisture content of the drying agent at the outlet of the drying chamber (in percent).

was solved by the Runge-Kutta numerical method
[18].

To that end, we introduced a linear fold of
J1() and J2(u) criteria. Then, the dependence of
the minimum value of a new criterion on the fold
parameter (u) was considered. In this case, the
fold was written as Eq. 16 (Tab. 2).

To solve the set problem, it was necessary to
solve the minimization problem of Eq. 16, under
conditions of the restrictions of Eq. 13 and Eq. 15,
and examine the dependence

Jmin () = min ] (u, u) (17)

within limits 0 <u <1 [22, 23].

The optimization problem was solved on
an IBM-type computer using the Runge-Cutta
method and the Matlab/Simulink (MathWork,
Natick, Massachusetts, USA) dynamic systems
modelling program Optimization Toolbox package
[18, 24].

As a result of the study, it was found that the
candidate points of the problem solution are the
extremum points of the dependence Eq. 17. Fig. 1
illustrates the graph of the function Eq. 17, which
shows that the function-criterion has two extreme
values in the interval [0,1] — minimum gmin, when
© = 0.307, and maximum gmax, When u = 0.308.
An additional check of the fact that the point umax
represented the solution of the minimization prob-
lem

J(0.308,u) — min (18)

with the presence of the condition Eq. 15, was also
the Pareto-optimal solution, for checking of which,
there was no need for

J1(ug 308 + 0u) < J;(ug308) (19)
J2(Ug 308 + 0U) < J5(Ug308) (20)

where 10308 is the value of the control variable at
the fold parameter u = 0.308, du is growth of the
governing variable.

The solution of the system of non-linear inequali-
ties for a relatively small du, and the solution of

the Pareto-optimal problem, were directly realized

by the Monte-Carlo method [25].

Once the Pareto-optimal set was found, the
best decision was selected from the Pareto fron-
tier domain [11]. The results of solving the tunnel
dryer optimization problem obtained in this way,
when drying of apricots with a stone, are present-
ed in Tab. 3. It shows the compromise between the
two requirements:

— J1 — minimization of energy costs, which is sa-
tisfied by relatively low air temperature at the
inlet of the dehydrator, at relatively low pro-
ductivity;

— J» — maximization of productivity, which is
achieved at the increase in energy costs, at
a relatively high temperature of the incoming
air.

Overall, optimal control of the tunnel-type de-
hydrator is carried out using the principle of dis-
turbance control [1, 3, 4, 26].

Before starting the drying process, determine

10

Jmin (/J)
0]
>

0 T t T
0.305 0.306 0.307 0.308 0.309 0.310
u
Fig. 1. Dependence of the minimum value of the fold
criterion on parameter u during dehydration of apri-

cots with stones.

JImin(u) — minimum value of the fold criterion; u — fold para-
meter.
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Tab. 3. The Pareto optimal frontier of the drying process of apricots with stones.

. Fold parameter Control variable Minimum point Maximum point
Control variable
u u J1(u) Jao(u)
Productivity of dehydrator [kg-h-1] 0.307 1.533 1.322 1.467
0.308 1.305 1.210 1.478
0.310 1.333 1.472 1.910
Air temperature at the inlet of dehydrator [°C] 0.307 400.671 392.317 444,935
0.308 381.306 391.751 445.367
0.310 388.602 391.120 449.167
Share of the air sucked into the drying 0.307 0.669 0.261 0.359
chamber from the drying agent preparation 0.308 0.340 0.399 0.709
system [m3] ' ' ’ '
0.310 0.352 0.537 0.712

J1(u) — criterion for fuel consumption, J2(u) — criterion for productivity.

the main characteristics of the product batch,
which are necessary for designing the optimal
program. These include type of the product, its
initial moisture content, rate of loading of trolleys
and atmospheric temperature).

These data are entered into the calculation
device that implements the report of the optimal
program (fuel costs in the heat generator, the
amount of the outdoor air absorbed, time of heat-
ing the product loaded on the trolleys.

To ensure the stability and reliability of the
multi-criteria optimization algorithm, we held
testing aimed at confirming the expected func-
tionality of the software modules and minimizing
the probability of future failures. At the first stage,
we checked the parts of the application that were
independent of each other. All classes, functions
and variables were tested. At the second stage, the
testing was held from the beginning to the end, i.e.
from the database to the user interface. All details
were taken into account to make the two-criteria
optimization process stable and reliable.

The multi-criteria optimal control program de-
fined in this way was implemented in the drying
process of a given batch of the product by means
of an execution device.

For the fuel consumption generator of the
tunnel-type dryer, after the optimal static mode is
established, based on the control of the fuel con-
sumption in the dryer, based on the control of the
fuel consumption value Gr, and simple calcula-
tions, we determined a 5% reduction in the con-
sumed energy compared to the state before opti-
mization.

We assessed the quality of dried fruits using
a 10-point scale according to organoleptic cha-
racteristics of appearance, shape, taste, odour
and colour [19]. Dried apricots with optimal
final moisture content of 7 %, obtained by using
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the multi-criteria optimization algorithm, were
characterized by the best organoleptic indicators,
compared to dried apricots with 12% moisture
content. The shelf life was prolonged to 12 months
at a storage temperature 0-10 °C and at relative
humidity of no more than 75 %.

When implementing the research results ob-
tained in this study, based on the calculation, the
energy spent on drying decreased by 5 % and the
quality of the dried product increased consider-
ably.

CONCLUSIONS

The mathematical model with distributed pa-
rameters of the static mode along the longitudinal
coordinate of the tunnel-type dryer developed in
the study accurately reflects the real process, tech-
nological restrictions and goal criteria. It allowed
us to find a Pareto-optimal solution for two-
criteria optimization of the drying process using
a modern computational approach. The stable
enough and fast-acting algorithm for solving the
problem of multi-criteria optimal management of
the static mode of the tunnel-type drying process
developed in the study allowed us to reduce
energy costs by 5 % and improve the quality of the
dried product. Dried apricots with a final moisture
content of 7 % obtained as a result of the two-cri-
teria optimization of the tunnel dryer were better
in organoleptic indicators than dried apricots
with a moisture content of 12 %. The formulated
recommendations regarding the two-criteria op-
timal control algorithms and software implemen-
tation will help the industrial fruits processing
technologists and managers in this field in the de-
cision-making process.
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