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ns mozo wo6 ompumamu maxcumanviy
6iddauy 6i0 disnvHocmi nionpuemcmea, onepa-
UiliHi npoyecu PYHKUIOHATOHUX cucmem onmu-
Mizyroms. O0nax 6 npoueci onmumizauii Kepo-
8aHI CUCMeMU 3HAUHY YACMUNY YACY NPAUIOIOMDb
6 HeonmumanoHux pexcumax. Kpim mozo, amina
306HIMHIX YMO8, AKICHUX napamempieé cupo-
SUHHUX NPOOYKMiE a00 6APMICHUX OUIHOK 6Xi0-
HUX 1 GUXIOHUX NPOOYKMIE cucmemmoi onepauii,
npu3eodumsv 00 HeoOXiOHOCMI 3HO8Y 3anycKamu
onmumizauiiunull npoyec.

Hepioxi eunaoxu, xoau mpueanicmov npo-
uecy onmumizauii nOPieHIEMbCA 34 4ACOM A6O
naeimv nepesuwye uac poéomu cucmemu. Ile
o3HaUAE, ONMUMI3AUTT BUMA2AE NEePeXiOHUL nPo-
yec onmumizauii.

IIpu uyvomy 6 Oanuii nac inmencueni 0oCi-
02HCeHHSL 8 0CHOBHOMY 8e0YMbCs 8 00.1acmi po3poo-
KU cucmemmo o0TrpyHmosamn020 MincoucCuuniiHap-
H020 Kpumepito onmumizayii i mMemooie nowyxy
onmumanviozo ynpaesainns. Pobomu, cnpsamosani
Ha Memoou nidsuuienns egpexmuerHocmi nepexio-
H020 npouecy, 6e0ymvCsi 6 0CHOBHOMY Mamema-
muKamu, 8 pamKax 6UKOHAHHS 3A60aHHS NPUCKO-
penozo nowyky excmpemymy. Bionoesiono, eidomi
Memoou MoxCymv SUKOPUCMOBYEAMUCS 015 Ni0-
suwenns epexmuenocmi nepexionozo npouecy
8 pamxax napamempuuHoi OnMuUMI3ayi.

Ha npuxnaodi nepioduunoi cucmemu nopuii-
HO20 Haezpisy piouHU PO32NA0AEMbCA PIUeHHs
3a0aui nideuuenns epexmuenocmi nepexiono-
20 nmpouecy 3a paxyHox GUKOPUCMAHHSI Memo-
0y cmpyxmypHo-napamempurnoi onmumizauii.
Ax xpumepiii onmumizayii 6UKOPUCMOBYEMbCS
OUTHHUU NOKA3HUK, AKUU NPOUWOE NepesipKy
8 npeomem MONCAUBOCMI 1020 GUKOPUCMAHHS
8 axocmi popmyau edpexmusnocmi.

Pesynomamu nopieHanvHozo0 00Ci0HCEHHS
emanoHH020 MeXHOJI02IMH020 NPOUeCy MunoGoi
i Moougpixosanoi pynxuionanvHux cucmem noxa-
3anu, wo uac euxody 6 oodaacmv OAU3LKY 00
ONMUMATLHOT SMEHUWUBCS NPAKMUYHO 6 064 PA3U.

Kpim moeo, suxopucmanns noeoi apximex-
mypu Qynxyionanvnoi cucmemu 00360a€ nio-
suwumu it naoiinicmo i epexmuenicmo o6cay-
208Y8aHHS
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1. Introduction

One of the main approaches to enhancing effectiveness is

One of the major problems of human society is the prob-
lem of efficiency in the use of available resources [1]. This
problem acutely manifests itself in the field of resource-inten-
sive industries, where each operation requires tying up con-
siderable financial resources and consumption of expensive
energy products [2].

rightfully considered to be a greater degree of automation of
technological processes [3]. However, automated yet ineffec-
tive operational mode can very quickly lead an enterprise’s
owner to the financial disaster [4].

The realization of this issue gave rise to the concept of
«optimal control» [5] and optimal systems [6, 7]. An intui-
tive understanding of the fact that among an infinite set of
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available controls there is only one best control led to the
rapid growth of scientific publications [8, 9] and confe-
rences [10, 11] that addressed this issue. Thus, the actively
discussed topics are those determining a variety of opti-
mization criteria [12, 13], performance indicators [14, 15],
searching for optimal control trajectories [16, 17] and the
optimal structure for a functional system [18].

The fact that the number of publications about optimi-
zation is not decreasing, but increasing, indirectly indicates
that the optimization problem at present is at the stage of
intense development. On the other hand, the need to opti-
mize has been the focus of principal efforts by an enterprise’s
owner and its top management [19, 20].

Therefore, it is an important scientific and practical task to
develop the scientifically-substantiated optimization methods.

2. Literature review and problem statement

In order to achieve high economic performance indica-
tors and stay competitive in the market, it is necessary to
optimize the most resource-intensive technological proces-
ses [21]. The process of optimization itself implies that all
functional systems of an enterprises operate under the best
coordinated modes. This means that the central task in the
theory and practice of optimization is to choose a substan-
tiated optimization criterion.

Despite the importance and top priority of a given task,
there are still different views on the strategy to select the
optimization criterion.

It has been proposed to apply as the assessment criterion
the minimum fuel consumption [22], displacement trajecto-
ry [23], minimization of an error or deviation [24], minimum
power consumption [25] and so on.

A reasonable approach is the one that employs the opti-
mization criterion based on an integrated estimate, with the
possibility to compare the input and output of the examined
operation [26]. An important factor in favor of the use of
such a criterion is its verification for use as an indicator of
efficiency [27-30]. The optimum, however, can be reached in
different ways. Therefore, the transition process for attaining
the optimum must also be optimized.

In the process of optimization, a functional system ope-
rates by default under a suboptimal mode. In this case,
a change in external conditions, change in the quality of raw
materials, or price volatility, lead to the need to determine
a new optimum. Very often, the optimization process itself
takes longer than the system’s operation under optimal re-
gime. In this regard, the optimization criterion used for the
transitional process itself is the stabilization time [8], duration
of the response time from a PID-controller [9]. Since the time
of attaining an optimum mode is linked to the instability in
parameters of the technological product, the optimization cri-
terion traditionally used is the magnitude of overcontrol [31].

Thus, the studies whose findings are aimed at improving
the effectiveness of transitional processes apply the non-veri-
fied optimization criteria.

On the other hand, the possibilities for parametric op-
timization are limited by the features of the technological
equipment utilized. The parameters of this equipment affect
duration of a technological operation. By changing the
structure of a technological mechanism, it is possible to sig-
nificantly accelerate the process at the expense of paralleled
systemic processes.

Therefore, there is reason to believe that the development
of the method for structural-parametric optimization is the
research tool that would make it possible to resolve the task
on improving the effectiveness of the transition process.

3. The aim and objectives of the study

The aim of this study is to increase the number of degrees
of freedom in periodic systems using a method of structu-
ral-parametric stabilization, which would make it possible to
improve the functional efficiency of technological processes
under transitional modes.

To achieve the set aim, the following tasks have been solved:

— to develop a reference model for the heating system and
to define parameters for the reference optimization operation;

—to construct a model of the examined system that
would enable the structural-parametric optimization in the
process of control;

— to experimentally investigate processes at the restruc-
tured system and to search for the optimal controls based on
the developed method.

4. Increase in the number of degrees of freedom
of the periodic system

The proposed method is based on the hypothesis accor-
ding to which attaining a mode of optimal control could
be implemented more efficiently in the case of modular
implementation of the technological part and part of quality
management. In this case, an optimization module must en-
sure the coordination of functioning of these modules. In that
case, management tools can resolve the task on the optimiza-
tion of the optimization process itself.

To test a hypothesis and devise a method to improve the
efficiency of optimization process, we used the structure con-
sisting of several managed systems: supply systems of techno-
logical products (SSTP), supply systems of energy products
(SSEP), examined systems (ES), system of consumption, and
the transition process optimization systems (TPOS).

The examined system performs the function of partial
transformation of the input technology product. Such pro-
cesses are defined as periodic in the scientific literature. The
term «periodic systems» is also often used, meaning the peri-
odicity of these processes [32].

Because the developed method implies dividing ES into
two identical independent systems, we also divided the refe-
rence ES into two identical systems ES1 and ES2 to conduct
a control study. Each such system consists of the technolo-
gical subsystem (TS) and the control subsystem (CS). In this
case, characteristics of the technological subsystems are the
same, and, therefore, parameters of technological processes in
such systems are identical.

In control study, two periodic systems of the reference
ES synchronously operate as a single system. Originally, the
input of the transition process optimization system receives
two signals: a signal of primary control (STR) and a control
change step (STP). When TPOS is enabled, an STR signal
is sent to the output and then, in the form of signals Zp; and
Zpo, is sent to the inputs of control subsystems CS1 and CS2.

Since the systems ES1 and ES are identical, we shall con-
sider the operation of ES using the work of structure ES2 as
an example (Fig. 1).
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Fig. 1. Structural diagram of generalized production
structure within which a periodic system consists of two
synchronously working periodic systems

The system of consumption, which is a system for inven-
tory control [18], sends an assignment signal Z,, which ar-
rives at the input of control subsystem CS2. Upon receiving,
CS2 generates a job signal Upy, which arrives at the input
of SPTP2.

A given signal differs from a binary signal Z, in that it
carries information about the required level of a technolo-
gical product.

In turn, SPTP2 enables arrival of a technological pro-
duct 77y at the input of TS2.

At the time when a technological product arrives in
full, TS2 sends a signal Fg, which arrives at the respective
input of CS2.

Upon receiving this signal, CS2 triggers a signal Upgs,
which initiates the start of supply of the energy product. The
intensity of energy product supply is determined by the mag-
nitude of signal Zp; from the system of optimization.

At the time when signal Upgy numerically equal to Zps,
arrives at the input of SSEP2, there starts the transformation
process of a technological product. At the moment when the
transformed product reaches the specified quality parameter,
TS2 triggers a signal R,, which arrives at CS2.

Upon receiving this signal, CS sends a signal Upg to
terminate the supply of an energy product, and the output
product py arrives at the input of SS.

At the time of the completion of discharge of a ready
product, TS2 sends a signal Fpy, after which ES2 is ready for
the next operation.

After completion of each operation, TS2 sends a signal Ej,
which characterizes the efficiency of the performed techno-
logical operation. This signal is sent to the input of TPOS.
The optimization of the transition process ends at the time
when the efficiency indicator ceases to grow.

Given the equivalence of the processes occurring in ES1
and ES2, the value for efficiency was received by TPOS from
the output of one ES.

Constructing a reference model of the transformational
process was carried out using a simulation of the process of
heating two cubic meters of liquid, from 20 to 50 °C.

Results of mathematical modeling are shown in dia-
grams (Fig. 2, 3).
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Fig. 2. Diagrams:
1 — change in the operation duration due to control;
2 — change in the time of the transition process due
to control (cumulative); 3 — completion time of the
transitional process

Fig. 2 (designation 1) shows that the operation time
(Top) decreases with an increase in the supplied energy
power.

Control switching time (Tp) is shown in Fig.2 (de-
signation 2).
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Fig. 3. Diagram of change in the effectiveness of operations
due to control

When supplying a power of 75 kW, the efficiency of ope-
ration is maximum. However, it will be clarified at the next
stage of control.

Therefore, the transition process time is 13.15 h (Fig. 2).

5. Development of a method for the structural-parametric
optimization of transition process

At the next stage of our study, the structure of TPOS
was altered (Fig. 4), and the systems ES1 and ES2 operated
under autonomous individual modes in accordance with the
developed method.

The feature of the method is that all functions related to
the asynchronous control over technological processes are
implemented within a single functional system.

Expression [26] is applied as the efficiency indicator:

_ (PE-RE)'T}
RE-PE-T,

)



where E is a measure of efficiency, RE is the valuation of
input products of the operation, PE is the valuation of out-
put products of the operation, Tp is the time for determi-
ning the potential effect of the operation, Tpp is the opera-

tion run time.
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Fig. 4. Structural diagram of generalized production
structure within which the periodic systems ES1 and
ES2 operate independently

A procedure to determine parameters RE, PE, Tp, Top is
given in paper [33].

At the initial point in time, we establish two starting
controls Uzpi=STR and Uypy=STR+STP.

At the time of completion of the operations, functions
Fpy(t) and Fpy(t) accept a single value, it is recorded to the ope-
rative memory of TPOS of the foursome (Zp, E, Eorp, Zp orp)-

A new direction is determined from the rule:

If E()LD1 VEOLDZ SE, then:

—for ES 1 — If Zp;>Zpsy, then Zp;=Zp;+STP, otherwise
Zp1=Zpy+STP;

—for ES 2 — If Zp; > Zpy, then Zpy=Zp;+STP, otherwise
Zpy=Zpy+STP.

The process of optimizing the transitional process is ter-
minated if (EOLD1 VEOLD2)>(E1 \/EQ).

Such an optimal control is selected, which is matched
with the maximum value of the effective use of resources.

6. Implementation of the structural-parametric
optimization method

For clarity, we accept that at the input STR to the system
TPOS we set the control, which ensures a 25-kW power sup-
ply at the input to a fluid heating system. At the input STP,
we assign a step in the change of control, 5 units.

According to the method, at the initial point in time, the
input of SSEP; receives a signal equal to Upg;=STR=25 units,
and the input of SSEPy — Upsy=STR+STP=25+5=30 units.

Since SSEP2 enables the supply of an energy product
with greater intensity, heating the liquid to the specified
temperature occurs faster here.

Table 1 shows results of heating operations for the sys-
tems ES1 and ES2. Here S is the identifier of ES.

Table 1
Results of operation of systems ES1 and ES2
UP RE PE TS TO E S
30 17.9 19.6 1.939 1.939 0.021 2
25 21.37 19.6 2.81 2.77 0 1
35 15.36 19.6 3.425 1.42 0.0297 2
40 14.39 19.6 4.01 1.16 0.071 1
45 13.8 19.6 4.45 0.992 0.126 2
50 13.385 19.6 4.90 0.864 0.197 1
35 13.13 19.6 5.25 0.767 0.277 2
60 13.04 19.6 5.630 0.69 0.351 1
65 13.075 19.6 5.92 0.631 | 0.4179 2
70 13.205 19.6 6.242 0.58 0.473 1
75 13.575 19.6 6.483 0.536 0.475 2
80 14.14 19.6 6.775 0.5 0.43 1

Because the random-access memory does not contain the
recorded previous value of ES2 operational effectiveness,
Eorpr=0, we determine the new control. Since Upgy> Upsy,
then Upgy=Upsy+STP=30+5=35.

The next to end is the heating operation in ES1.

As the valuation for the heated liquid is lower than the
valuation for the input products of the operation, the efficien-
cy of operation is negative. Since efficiency is not defined in
the region of negative values, the value at the outlet E1 is null.

Because Upgy > Upgy, then Upgy = Upgy+STP=35+5=40.

Subsequent controls are determined similarly.

The efficiency that matches a control of 80 is lower than
the efficiency reached at a control of 75. Therefore, the op-
timal control is accepted to be a control of 75 kW (Fig. 5).
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Fig. 5. Diagram of change in the effectiveness of operations
due to control

Since the time for attaining an optimal control amounted,
in the first case, to 13.15 h, while in the second case it was
6.77 h (Fig. 6), the control that employs the developed me-
thod is guaranteed to be effective.
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Fig. 6. Diagrams:
1 — change in the time of operations due to control;
2 — change in the time of a transition process due to control (cumulative); 3 — time of completion of the
transitional process

This relates to that the time required to attain an optimal
control was reduced by two times while all the remaining
operations’ parameters did not change.

7. Discussion of research results related to the
development of the method for structural-parametric
optimization

The research results have shown that a multi-unit struc-
ture for the construction of functional system is potentially
better than a mono-unit structure. This is evident in the
prospect to significantly improve the effectiveness of a tran-
sitional optimization process.

Practical implementation of the proposed method could
demonstrate the advantages where the resource-intensive
processes are implemented using a variety of similar techno-
logical mechanisms. For example, at a production line that
exploits, rather than a single large-scale technological me-
chanism, several mechanisms with the appropriate summary
performance.

In this case, there is a possibility to launch such a struc-
ture as a single system. At the same time, coordination of the
asynchronous operation of such in-systems technological
mechanisms opens up the possibility of making better use of
an enterprise resources.

The method, proposed in this work, was examined for the
case when the efficiency of optimizing functional systems is
compared, which consist of one and of two technological sub-
systems. In this case, increasing the number of technological
subsystems is a technical challenge.

The proposed transitional process optimization tech-
nology could be implemented at those enterprises, which
employ the systems of crushing, grinding, heating, extruding,
melting, etc. In other words, the maximum effect might be
most likely obtained where the cost of reducing the pace of
a transition process, or its losses, is relatively high. These
could include either the energy-intensive production or pro-
duction with a high duration of the transition process and the
high cost of a technological product.

A given method could be implemented at those enter-
prises whose structure is based on the systems that actively
interact. Production lines at which technological processes
are functionally interconnected, require structural changes.
The functionally interconnected technological processes
relate to such an interdependence of enterprises’ systems at

which a change in parameters for any local process necessi-
tates a change in parameters for the entire interconnected
technological chain.

In addition, a variant is possible when, in order to imple-
ment the proposed method, large technological mechanisms
are purposefully replaced with several identical, smaller tech-
nological mechanisms, with an equivalent or close performance.

Of course, that does not mean that production efficiency
will be improved automatically. This issue requires a separate
study, though it can be assumed that an increase in the num-
ber of technological subsystems will lead to that the efficien-
cy improves at first, only to start to decline later.

Such an assumption is based on that the reduction of
dimensions of technological equipment leads to a relative
increase in its cost per unit of output. On the other hand, the
effective functioning of multi-unit systemic structures is en-
hanced through improved reliability. The failure of a single ele-
ment in a multiple structure does not halt the entire process.

However, numerical justification of the efficiency of a tech-
nological process under such a standpoint requires acquisition
of different statistical materials and development of a specia-
lized estimation procedure.

If we go back to the industries with the ability to apply
a method of the structural-parametric optimization of tran-
sitional processes, using it could significantly improve eco-
nomic indicators. That will manifest itself in the form of lo-
wer costs at the increased productivity. In this case, an added
value will not be significantly reduced due to the reasonably
enhanced wear of equipment. It is also necessary to stress
the need to adopt legislative acts, both at the level of execu-
tive and local self-government, and at separate enterprises,
which would describe in detail the procedure (rules) for
implementing the model of efficiency in the functioning of
technological processes under transient modes.

8. Conclusions

1. We have developed a model of a functional system for
determining the parameters for the optimization transition
process. Using a liquid heating system as an example, we
studied parameters of the operational optimization process.
The data were obtained that characterize the stages in the
process of optimization under condition of applying a tra-
ditional approach: value of control, duration of transition
process, the effectiveness of operation.



The research results obtained are required to compile
a comparative base for the further research. Key indicators
here are the effectiveness of the final operation in the transi-
tion process and its duration.

2. The model of a two-section functional system was
constructed. Technological part of such a system consists of
two technological mechanisms that can be managed inde-
pendently.

We have formed the structure of the control subsystem,
which makes it possible to construct such controls at which

technological processes can function asynchronously, and
would enter an optimum mode as fast as possible and without
losses in efficiency.

3. We investigated the evaluation of the effectiveness of
transitional processes for a single- and two-section heating
system.

It was established that the functional system, using which
could enable two parallel optimization processes, ensures
a two-fold decrease in the time of the transition process with
the same efficiency of separate operations during this process.
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