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Currently, the task of recycling household waste to obtain secondary energy resources is a very urgent task.
This problem can be solved by using pyrolysis plants that process organic municipal solid waste into synthesis
gas. The synthesis gas is then used as a fuel. The main problem with pyrolysis is the change in the composition
of the raw material being processed. Changing the composition of the feedstock affects the composition of the
synthesis gas and, consequently, its calorific value. Extreme control systems are used to ensure the production of
synthesis gas in a given amount and with a maximum calorific value. The research and implementation of extreme
control systems has been carried out for a long time, but no recommendations have been found on the use of such
systems at a particular facility. The article considers typical extreme control systems when applied to a pyrolysis
plant. Four control schemes are compared with each other. Each of them maintains a given pyrolysis temperature,
providing the best conditions for the decomposition of organic compounds of different composition. A single-
circuit system without determining the composition of the synthesis gas, a cascade system with correction for the
composition of the synthesis gas, and two extreme control systems with direct determination of derivatives and
with memory of the extreme are considered. The main advantages and disadvantages of each control system are
identified. The advantage of control systems without measuring the calorific value of synthesis gas and cascade
ACS is their simple adjustment and the absence of additional technical devices. The main disadvantage is the low
quality of maintaining the calorific value of the synthesis gas. The advantage of a derivative-measuring ECS is
the absence of control influence in the absence of perturbations in the feedstock composition. The disadvantage
is the presence of differentiators that are highly sensitive to noise and interference. The advantage of a controller
with extreme memory is a smaller deviation of the regulated parameter. The disadvantage is constant fluctuations
in the system as a result of the search algorithm.
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Formulation of the problem. The process of
processing household waste into useful products by
pyrolysis has attracted a lot of attention in recent
years. Pyrolysis is a thermal decomposition process
that converts organic materials into valuable products
such as bio-coal, bio-oil and synthesis gas. The
efficiency and productivity of pyrolysis systems
largely depends on the control and regulation of
various parameters. One of these is the composition
of raw materials [1, 2].

The composition of raw materials means the types and
proportions of organic materials used as raw materials in
the pyrolysis process. It can vary greatly depending on
the desired end products and the availability of biomass

resources. Common types of raw materials include
wood, agricultural waste, and household waste, including
plastics. Each raw material has its own unique chemical
composition, which affects the pyrolysis process and the
properties of the resulting products.

The composition of raw materials has a significant
impact on the properties of the pyrolysis plant as a
control object. It affects the thermal behavior of raw
materials and chemical reactions occurring during
pyrolysis. Understanding these effects is critical to
optimizing the pyrolysis process and maximizing the
yield of the desired products.

The non-linear properties of the pyrolysis plant
mean the non-linear dependence between the

45



Bueni sanucku THY imeni B.1. Bepnaacbkoro. Cepisa: Texniuni Hayku

composition of raw materials and process variables,
such as temperature, residence time and heating rate
[4, 5, 6]. These properties are important for optimizing
the pyrolysis process and maximizing the yield of the
desired products. For example, the heating rate affects
the distribution of products and the quality of bio-oil.
A higher heating rate can lead to an increase in the
yield of bio-oil, but a decrease in its quality.

Analysis of recent research and publications. As
aresultofthe systematization of sources of information
about automatic control systems of pyrolysis plants, it
was found that the synthesis and research of optimal,
particularly extreme control systems has been carried
out for a long time. Many types of extreme control
systems for non-linear objects have been developed,
including pyrolysis installations.

The most complete statement of the principles of
extreme regulation is given in the book by Draper
and Lee [3]. This book proposes the classification of
ECS according to the principle of receiving the input
signal of the control device.

In order to solve the problems of low speed of
gas production, low quality, low level of automation,
complex furnace temperature control, and high energy
consumption in the process of biomass gasification,
the article [7] presents a system of automatic control
of the furnace for the pyrolysis of gas mixture of
carbon from biomass based on PLC. The control
system implements a neural network and a fuzzy
algorithm for processing data during its operation, as
well as for adjusting parameters on the PLC online.

The paper [8] presents a fuzzy model of a
predictive regulator for small-sized grate furnaces
based on a biomass burning model. The resulting
local predictive regulators are combined with
membership functions to form a global nonlinear
fuzzy control structure. The results of the closed
circuit modeling of the fuzzy model of the predictive
controller, the linear model of the predictive
controller, and the PI control algorithm are presented
and compared. Based on the results of the proposed
fuzzy controller, its application, advantages and
disadvantages are discussed.

The purpose of the study [9] is to study the
behavior of thermal destruction and kinetics of
microwave pyrolysis of biomass, which was improved
and verified using a fuzzy PID control algorithm.
Compared with the traditional PID control, the use
of fuzzy PID control algorithm greatly improved the
response speed of the system. Thus, more accurate
temperature control using the fuzzy PID algorithm
can reduce the experimental error and increase the
efficiency of energy use during biomass conversion.
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Research [10] is devoted to the development of
a control system for the production of biomethanol
by the method of thermochemical pyrolysis. The
dynamic control system was designed and modeled
using Matlab. The developed reference control
model with a neural controller made it possible to
achieve better control in manipulating the reaction
temperature for a batch pyrolysis reactor.

The paper [11] considered the synthesis of automatic
extremum search systems for a single-channel object,
the model of which can be represented as a sequential
connection of a nonlinear dynamic component and a
static quality function with a well-defined minimum or
maximum. The possibility of finding the extremum by
the method of localization using the largest derivative
of the output variable of the dynamic part of the object
in feedback is discussed. Depending on the version of
the implementation of such feedback, two main types
of extreme systems are distinguished: single-circuit, in
which the controller receives data about the gradient
of the static characteristic, and two-circuit. In the latest
systems, it is proposed to use regulators based on the
localization method for preliminary stabilization of
processes in the internal circuit containing the dynamic
part. In the external circuit, the integral control law
is used and the movement to the extremum with the
specified dynamic quality is implemented, taking into
account the gradient data. The simulation shows the
features of the considered extreme systems.

An approach to the design of extremum-seeking
control systems based on the localization method
is given in [12]. A class of settings that represent a
combination of nonlinear input dynamics and static
nonlinearity with an extremum is considered. A
feature of this work is the proposed approach to the
design of a two-circuit system, in which the internal
subsystem includes the dynamic part of the installation.
The controller for this subsystem is based on the
localization method and uses the derivatives of the
output variable. This allows you to ensure processes
according to the linear desired model. The external
circuit contains a stabilized dynamic part ("equivalent"
linear dynamics) and a static nonlinear map. Next, it is
proposed to organize a gradient proportional regulator
in the external circuit of the circuit. The search for the
defining influence (extreme value of the non-linear
initial static map) occurs with the required dynamic
quality. The proposed system design approach is
illustrated by a short simulation study.

In [13], an extremum-seeking control algorithm
for discrete systems is given, applied to a class
of installations that are a sequential combination
of linear input dynamics, static nonlinearity with



IndpopmaTuka, 06uKCII0BaIbHA TEXHIKA Ta aBTOMAaTH3aLlis

extremum, and linear output dynamics. Using the
theory of two-time averaging, we derive a soft
sufficient condition under which the output of the
installation exponentially converges to O(a?) around
an extreme value, where o is the magnitude of the
modulation signal. The sufficient condition is related
to the positive materiality of the linear parts of the
installation, but only at the modulation frequency. The
algorithm is illustrated by a short simulation study.

The analysis of literary sources shows that it is
necessary to use multi-loop extreme control systems
to control pyrolysis plants. But all studies are devoted
to only one system proposed by the researcher. And
the comparison is made only with typical regulation
laws and there is no comparison between different
extreme systems.

Task statement. In this way, the task of comparing
typical extreme regulation systems is set with the aim
of developing recommendations for use in managing
the pyrolysis process of solid household waste.

Outline of the main material of the study. A
conventional automatic control system (ACS) cannot
solve the optimization problem. This happens because
in a conventional ACS, the set value of the regulated
parameter is always known and, therefore, it is always
known in which direction it is necessary to change the
regulating influence in order to eliminate the system
error: the difference between the set value and the
current value of the regulated parameter.

In contrast to conventional ACSs, the set value
of the regulated parameter is not known in extreme
control systems (ECS). Therefore, the task of ECS
is fundamentally more difficult and consists in
automatically finding such a value of the regulating
influence that ensures the maximum (minimum)
of the regulated value. In contrast to conventional
automatic control systems, in ECS, the analysis of the
state of the object at this moment in time does not
make it possible to determine in which direction the
control influence should be changed in order to obtain
the desired result.

The task of ECS is to automatically find such a
value of the adjustable parameter, about which only
the features that distinguish this value from others are
known in advance: either it is the maximum or the
minimum of all possible values.

Extreme control systems are divided according
to the principle used to determine the direction of
movement to the extreme into the system:

1. Systems with extremum memory that respond
to the difference between the largest output value
reached at previous moments of time and the current
output value y.

2. Systems responding to the sign or magnitude of
the derivative dy/dx or dy/dt .

3. Systems with auxiliary modulation, which
determine the direction of movement to the extremum
based on the phase shift between the input and output
oscillations of the object.

4. Step-type systems responding to the sign of
output increments .

According to the impact of the actuator (ACT) on the
object, the ECS can be of continuous or discrete action.
In continuous-action systems, during the operation of
the regulator, the executive mechanism continuously
changes the input x of the object. In discrete ECSs, the
executive mechanism changes the input of the object
after certain intervals of time. There are ECS s of a
mixed type, which combine the properties of different
systems of the above classification.

A characteristic feature of an extreme control
system is continuous automatic monitoring of the
mode parameters of the object that change (according
to the value of the input value, which corresponds to
the extremum of the output value), in the form of the
result of an automatic search.

The magnitude of the system's "wobbling" in the
process of searching for the extreme value of the
initial value is an indicator of the ECS's operation
in a stable mode. In the unstable mode, the time of
entry into the zone of the specified yaw serves as an
indicator of ECS operation.

Comparison of typical ECS s when controlling
a pyrolysis plant

In order to achieve the goal, a simulation model of a
pyrolysis plant [14, 15, 16, 17] with a variable structure
of the ACS was created, which is shown in Figure 1.

Switches were used to study the ECS, which allow
to observe the transient processes of regulation in the
following modes:

1 — maintenance of the set pyrolysis temperature
without the use of a feedback signal based on the
quality of the pyrolysis synthesis gas;

2 — a cascade system for regulating the set
temperature of pyrolysis using a proportional signal
of the quality of pyrolysis synthesis gas;

3 — a cascade system for regulating the set
temperature of pyrolysis using a ECS with
measurement of the derivative function of the
quality of the pyrolysis synthesis gas from the air
consumption for pyrolysis;

4 — ECS with memorization of the extremum of
the pyrolysis synthesis gas quality signal;

5 — ECS with measurement of the derivative
function of the quality of pyrolysis synthesis gas from
air consumption for pyrolysis.
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Fig. 1. Scheme of simulation modeling of a pyrolysis plant with a variable structure of the ECS

During the study, the following disturbances were
applied to the input of the system:

— a change in the flow of pyrolysis synthesis gas
(Q,, mol/s), which is supplied for further use, i.e. a
change in the load of the pyrolysis plant;

— change in the initial composition of the raw
materials that are fed to pyrolysis (Qg).

Since the pyrolysis plant is a non-linear object,
during the research, disturbances were applied either
alternately or simultaneously. The task of the ECS
is to maintain the given load Q,, while ensuring
the maximum value of the quality of the pxrolysis
synthesis gas, namely its calorific value Q' . Also
one of the important controllable parameters is the
pyrolysis temperature T, as its change leads to a change
in the composition of the product gas. Maintaining
the correct temperature helps to maximize the yield
of the target product, which has an economic value.

The simulation results are shown in Figures 2, 3
and 4.

As can be seen from Figure 6, the ECS provides
the specified gas flow in any configuration.
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Analysis of transient processes of pyrolysis
temperature control shows that traditional systems,
both single-circuit (1) and cascade (2), cope with
the task of temperature maintenance. Short-term
temperature deviations are observed when using ECS
with derivative measurement (3). The increase in the
deviation of the temperature from the zero value is
explained by the change in the composition of the raw
materials subject to pyrolysis.

It differs from other ECSs with extremum
memory (4). For this system, the pyrolysis temperature
deviation is maximum, on average up to 40°C. Also,
constant fluctuations occur in the system, which is a
characteristic feature of such systems.

The next indicator that was analyzed was the
calorific value of synthesis gas, the transient processes
of its regulation are shown in Figure 4.

Studies of transient processes, which are shown
in the figure, show that the maintenance of the
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Fig. 3. Change in pyrolysis temperature

highest quality of synthesis gas takes place in the
ECS with memory of the extremum (4). At the same
time, a clear advantage of this system is observed
when the composition of raw materials is changed.
Control systems with other algorithms (1, 2, 3)
compensate well only for load disturbances. At the
same time, short-term deviations of the regulated
parameter by rather large values (by 20-25%)
are observed in the ECS with the measurement of
derivatives (3).

As expected, the single-loop control system (1)
shows the worst result of 10% static control error. For
other systems, the static error is 7%.

The time of entry into the specified yaw zone for
all systems can be considered the same because in

this case it is determined by the dynamic properties
of the control object.

For a quantitative comparison of control systems,
an integral quality indicator was determined:

Table 1
Comparison of integral quality indicator
for different systems

System The value of J
Single-circuit (without measuring the
. . 1980
calorific value of synthesis gas)
Cascade without ECS 1166
ECS with measurement of derivatives 1976
ECS with extremum memory 243
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Fig. 4. Deviation of calorific value of synthesis gas

Conclusions. From the comparison of the
considered control systems, it is clear that each of the
ACSs has its own strengths and weaknesses.

First, it was found that, as an independent, ECS with
the measurement of the derivative (5) was unsuitable
due to large deviations of the regulated value under
any disturbances. Therefore, in the future, this ECS
was considered only as part of a cascade regulation
system (3) for correcting the task of air consumption,
which is supplied to pyrolysis.

The advantage of control systems without
measuring the calorific value of synthesis gas and
cascade ACS is their ease of setup, the absence of
additional technical devices, both measurement and
calculation. The main drawback is the low quality
of maintaining the calorific value of synthesis
gas, namely, a large static control error when the
composition of raw materials is disturbed.

The advantage of ECS with measurement of
derivatives is the absence of a controlling influence
in the absence of disturbances in the composition of
the raw materials. The disadvantage is the presence
of differentiators that are highly sensitive to noise and
interference.

The advantage of the ECS with memory of the
extremum is a smaller deviation of the regulated
parameter, namely the calorific value of the synthesis
gas, a smaller value of the control influence
(-0.8 ... 0.8 mol/s versus £ 20 mol/s in peak values
and + 0.7 mol/s in normal mode). The disadvantage
is constant fluctuations in the system with a period of
approximately 1800 seconds, as a result of the search
algorithm.

Finally, it should be noted that the choice between
these two extreme control systems depends on the
specific requirements and limitations of the pyrolysis
plant.
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Bernos S1.1., Tapaxriii O.C. IOPIBHSIHHSI EKCTPEMAJIBHUX CUCTEM PEI' YJIOBAHHSI
HIPOJII3BHOIO YCTAHOBKOIO

Y menepiwmniti uac 3a0aua nepepodka nodymosux ioxo0ie 3 Memoio OMpPUMAHHSL GMOPUHHUX eHepeopecypPCie €
oyarce akmyaibHolo 3aoauero. Taxy 3a0auy MOX*CHA SUPILUUMU 30 OONOMO2010 NIPOTI3HUX YCMAHOBOK, SIKI nepepodiis-
10Mb opeaniuHi meepoi nobymosi 8i0Xo0U y cunmes-eas. ¥ nooanbuomy cunmes-2az UKOPUCHOBYEMbCA SIK NAJbHE.
OcrHogHOo10 npobeMoro npu Niponisi € 3MiHA CKIA0Y CUPOBUHU KA 0OPOOIAEMbC. 3MIHA CKIAJY CUPOBUHU BNIUBAE
Ha 3MIHEHHST CKAady cunmes-2azy i, 6iON0GIOHO, HA 11020 MEeNI0MEopHy 30amHicmo. [l 3abe3neyents UpoOIeHHs
CuHmes-2azy y 3a0aHOi KUIbKOCHI mMa 3 MAKCUMAIbHOIO MENIOME0PHOI0 30AMHICII0 8UKOPUCTOBYIOMb CUCEMU eKC-
MPEMAabHO20 pe2yto8aHHs. JJOCTIOHNCeH s Ma 6MPOBAONCEHHS CUCIEM eKCIPEMATIbHO20 Pe2ylIt08aHHS NPO8OOUMbCS
008601 0aBHO, ajle He 3HAUOEHO JHCOOHUX PEKOMEHOAYILl 000 3ACNOCYBAHHSL MAKUX CUCeM HA KOHKPemHoMmy 00'€kmi.
B cmammi posensinymo munosi cucmemu eKCmpemaiibHO20 pe2yiio8anHs NPU 3ACMOCY8aAHHI iX Y RIPOI3HILL YCIMAHOBYI.
Midic coboro nopienani womupu cxemu peeynrosarns. Koswcna 3 Hux niompumye 3aoany memnepamypy niponisy, sabesne-
YUY HAUKPawi yMosu 0Jis PO3KIAA0EHHS OP2AHIYHUX CHONYK Pi3Ho20 ckiady. Posenamnymi o0HokonmypHa cucmema be3
BUSHAYEHHS CKIIA0Y CUHME3-2a3Y, KACKAOHA CUCMEMA 3 KOPe2YBaAHHAM 3d CKAAOOM CUHME3-2a3), Ma 08 eKCIMPeMAalbHi
cucmemu pe2yio8anHs 3 6e3n0CePeOHimM SUSHAUEHHAM NOXIOHUX MA 3 3aNAM SAMO8Y8aAHHAM ekcmpemymy. Busnaueni
OCHOBHI nepesazu ma HeOONIKlU KOXCHOI cucmemu pe2yntosants. llepesazoio cucmem KepyBamHs 6e3 BUMIDIOBAHHS
Menomeoproi 30ammuocnii cunmes-easy ma kackaonoi CAP € ixus npocmoma Hanaeo0iceHHsl, GiOCYmHICHb 000amKo-
8UX MexHIuHUX npucmpois. OcHO8HULL HEOOIK — HU3LKA AKICIb NIOMPUMAHHS MENIOMBOPHOT 30AMHOCHI CUHIME3-2a3).
Ilepesaea CEP 3 sumipiogantsam NOXiOHUX — GIOCYMHICb Kepylouo2eo GNIUSY 3a GIOCYMHOCHI 30YPeHb CKIA0OM BUXIO-
HOI cuposunu. Hedonik — nassnicms oughepenyiamopis, sxi Maions 8UCOKY YymMaugicms 00 ulymis i nepewkoo. Ilepe-
saza CEP 3 3anam'smosysannsam ekcmpemymy — MeHuie 8iOXUeHHA pe2yib08ano20 napamempa. Hedonik — nocmiumi
KONUBAHHSL 8 CUCIEMI 8 HACTIOOK POOOMU NOULYKOBO20 AN2OPUMMY.

Knrouosi cnoea: niponizna ycmaHoska, agmomamuyne pe2yiio8anHs, eKCMpemMalbHd CUcmema peyito-
BAHMSL, IMIMAYitiHe MOOeNIOBAHHAL.
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