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ABSTRACT

The article presents the results of the synthesis of digital controllers for automatic control systems of heat exchangers of central
air conditioning systems, functioning under variable significant disturbing influences. The developed regulators are designed to
provide the specified quality of regulation (short regulation time, permissible value of regulation), changes in the settings of the
regulators taking into account the operating conditions of the regulatory object. The circuitry of regulators should be relatively
simple. The requirements for the developed controllers are implemented in a typical digital PID-controller with optimization of its
settings using the differential evolution algorithm. To assess the quality of PID-regulation, the regulator was tested in the ModelSim
program. Test results were analyzed using Matlab. In order to implement the requirements for the developed regulators as an
alternative to the PID-regulator with optimization of its settings using the differential evolution algorithm, a combined automatic
control system based on the P-regulator has been created. The control system contains a P-controller with a synthesized corrective
link, providing control by the deviation of the controlled variable from its predetermined value and by the perturbation applied to the
controlled variable. Assessment of the quality of regulation of the P-regulator with the corrective link was carried out according to
the results of research at Matlab. PID-controller with optimization of its settings using the differential evolution algorithm, as well as
P-controller with corrective link is implemented in FPGA. The main language for describing the hardware for implementing
regulators in FPGAs is the language for high-speed integrated circuits (VHDL). A comparative analysis of the results of a study of a
digital PID-controller with parameter optimization and a combined automatic control system made it possible to establish that the
controllers satisfy the required regulatory quality in the automation of heat exchangers in central air conditioning systems that are
subject to significant disturbances. They have the ability to change settings taking into account the operating conditions of the
regulatory object. It was found that the use of a P-controller with a synthesized corrective link, which has a simpler circuit solution,
allows us to provide better control quality indicators in comparison with a PID-controller with optimized settings.
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INTRODUCTION

The problem of high-quality control of objects
operating under variable significant disturbing
influences is one of the important ones that must be
taken into account when developing appropriate
automatic control systems (ACS) [1, 2], [3, 4].

The main requirements for the developed
controllers of similar self-propelled guns are to
ensure the specified quality of regulation (short
regulation time, permissible amount of regulation),
the possibility of changing the controller settings
taking into account the operating conditions of the
control object, as well as the relative simplicity of
the circuit design of the regulators.

Incorrect adjustment of the parameters of the
regulators can lead to cyclical and slow recovery,
poor stability and loss of controllability of the
control object.

Known methods for adjusting controller
parameters include Ziegler-Nichols, Chin-Hrones-
Resvik, Cohen-Kuhn and other methods [5, 6]. Most
of these methods are applicable to both continuous
and discrete control systems.
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The experimental methods for tuning regulators
proposed by Ziegler-Nichols, Cohen-Kun is based
on trial and error methods. However, when using
these methods, problems may arise when adjusting
controllers, for example, for nonlinear objects of
high order, in the presence of time delays, nonlinear
processes in the control system.

To overcome these problems, various methods
are used to obtain rational settings for regulators,
including methods based on the use of evolutionary
calculations — the genetic algorithm (GA) and
differential evolution (DE) [7, 8], [9].

Genetic algorithms are heuristic search methods that
are used to solve optimization and modeling problems by
randomly selecting, combining, and varying the desired
regulator settings. Deficiencies in GA: false convergence,
loss of the best solution found, lack of support for the
optimal value. In addition, GA does not always show
good performance in solving nonlinear problems, as well
as complex linear problems [10]. Therefore, at present,
differential evolution is increasingly used to obtain
rational tuning parameters for regulators.
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Differential evolution is a stochastic method of
multidimensional optimization, using the ideas of
genetic algorithms to find the extremum of
undifferentiated, nonlinear, multimodal functions.
Unlike GA, which uses binary coding to represent
the parameters of a task, DE uses real coding of
floating point numbers. The main feature of DE is
the use of the scheme for generating vectors of test
parameters. Essentially, DE adds the weighted
difference between the two population vectors to the
third vector.

Typically, the DE [11] implementation needs
three parameters: CR (defining mutually exclusive
crossover and mutation operations); F (scaling factor
of the difference of two individuals); NP (population
size). For generating the evolutionary process for the
n-dimensional problem.

The DE algorithm is simple, and its
performance is comparable or even superior to GA
[12, 13]. Based on the listed advantages of DE, such
an algorithm can be chosen to optimize the settings
of the object control regulators that function under
significant disturbing influences.

Adjusting the parameters of the regulator used
for the quality control of the objects functioning
under the wvariables of significant disturbing
influences can also be carried out when it is
equipped with a standard regulator with corrective
links. It is known that combined automatic control
systems (ACS) are distinguished by the relative
simplicity of the circuit design and are not inferior in
quality of regulation (minimum regulation time,
maximum overshoot or maximum dynamic error,
static error, degree of attenuation) to systems, for
example, with PID controllers during automation of
objects subject to significant controlled disturbances
[14, 15], [16].

It is possible to implement the parameter
settings of digital controllers taking into account the
operating conditions of the control object in
programmable logic integrated circuits (FPGAS).

The development of FPGAs allows the
implementation of digital controllers with variable
settings with minimal material costs and reduced
design time. Manufacturers offer a variety of
FPGAs: programmable simple, matrix, and complex
logic devices (SPLD, PAL, CPLD); user-
programmable basic matrix chips (FPGAs) [17, 18].

Currently, FPGAs are widely wused in
developing hardware applications using intelligent
computational methods in the design of digital
control systems [19, 20]. A digital self-propelled gun
on FPGA has features that distinguish it from analog
systems: control laws are implemented in the form

of algorithms programmed using hardware or
software; quantized (time-discrete) signals are
processed [21, 22], [23].

FPGA families allow you to implement
evolutionary algorithms, starting from a dedicated
system on only one chip and ending with an FPGA
cluster [24, 25] to perform parallel computing,
which can be useful for various applications.

The DE method allows real-time numerical
optimization of controller settings. DE is suitable for
accurately minimizing the numerical parameters of
regulators. Moreover, FPGAs are desirable devices
for use because of their massive parallelism [26, 27].

In [28], the PID controller was studied using its
fixed-point representation in the FPGA program.
Performance is compared to a floating point view
with a fixed point view.

The fixed-point representation was evaluated
using word length analysis methods. It was found
that the fixed-point representation saves significant
resources in the FPGA circuit (power loss and power
consumption, reduce development time).

The DE algorithm, by its nature, always uses
floating point encoding and several generations of
random numbers.

Therefore, when implementing DE on FPGA, it
is necessary to implement several random number
generators in FPGA.

From [9], [25] it follows that the issues of
optimizing the settings for PID-controllers
implemented in FPGA using the DE algorithm are
not sufficiently reflected from the point of view of
evaluating the stability of the controllers in real time
with minimal root mean square and integral absolute
errors.

An analysis of literature also showed that an
alternative to the developed PID-controllers, to
optimize the settings of which, for example, DE is
used, can be the development of combined digital
automatic control systems that operate in real time
and are distinguished by the relative simplicity of
the circuit solution and not inferior in quality control
systems  with ~ PID-controllers  with  DE
settings [14, 15].

Thus, the search for new circuit solutions and
principles for the operation of self-propelled guns to
ensure a given quality of control of objects operating
under variable significant disturbing influences
involves the further development and research of
PID-controllers with optimization of settings with
DE, the creation and study of combined digital
ACSs, followed by comparative analysis results of
their application.
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PURPOSE OF THE ARTICLE

The purpose of the article is to ensure the
stability of regulators in real time with minimal
regulation time and the amount of regulation during
automation of objects subject to significant
disturbances.

RESEARCH OBJECTIVES

1. Development and research of a digital PID
controller in FPGA with optimization of settings
based on DE.

2. Development and research of combined
digital ACS in FPGA.

3. A comparative analysis of the quality of
regulation of the developed PID-controller with
optimization of settings based on DE and combined
digital ACS implemented in FPGA.

As an automation object (Fig. 1), a heat
exchanger (air heater) of the central air conditioning
system (CACS) was selected, which functions under
variable significant disturbing influences. Such
systems differ in performance, control functions, and
the amount of energy consumed [29-31].

The energy efficiency of CACS depends on
how adaptive its regulators are to changes in
environmental  conditions and ensure that
technological parameters are maintained with a
given accuracy in real time with minimum control
time, minimum control errors Controlled parameters
of CACS are, for example, air flow controlled by an
adjustable fan speed, heat and coolant costs to heat
exchangers.

For this control object, due to the nonlinearity
of the characteristics of the units, the process of
adjusting the control parameters of the regulators is
a laborious task.

The characteristics of the air heater determine
the processes of heat treatment of air in the air
conditioner; affect the choice of control actions and
the quality of transients in the control system used.
The thermal processes occurring in the heat
exchanger are characterized by the distribution of
parameters and therefore their dynamics is described
in the general case by a nonlinear system of
equations [31].
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Fig. 1. The structural diagram of the CACS:

F —filter; H1, H2 — heaters of the first and second stages; EF —electric fan; H — humidifier; C — cooler
Source: compiled by the author

In air heaters, the disturbing effects are the
temperature and relative humidity of the air at its
inlet.

The control actions can be steam flow or steam
temperature at the inlet, air flow (if the device
operates at a variable flow rate).

The regulators used to maintain the specified
parameters at the output of the heat exchangers of
the central CACS implement P, Pl and PID-control
laws.

However, in conditions of variable significant
disturbing influences, regulators do not provide the
required quality of regulation.

The parameters of the regulators need to be
adjusted, which is not always possible to perform in
the operating conditions of hard currency.

When developing controllers with tunable
settings, the mathematical model of the air heater
(H1; H2) [31], selected as an automation object, was
taken into account.
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DEVELOPMENT OF ADIGITAL PID-
CONTROLLER IN FPGAWITH
OPTIMIZATION OF SETTINGS

BASED ON DE

The optimization of the PID-controller settings
was carried out in accordance with the algorithm of
its functioning and the DE algorithm (Fig. 2).

In accordance with the DE algorithm [32], a set
of solutions (population) is used, and at each step
they are transformed by successive application of
selection operations, mutation crosses.

The objective function when optimizing the
settings of the PID-controller in accordance with the
DE algorithm

min f(x) = f (X, X,,..., xn)1 1)
where: x is an n-dimensional vector and f is a real
function of real arguments.

For DE, the required population size (NP) is
used [33] NP = 10 x D, where D is the population
number, the crossover constant (CR) is CRe[0,1],
the weight applied to the random differential
(mutation coefficient) (F) — Fe[0,5; 1] and the
number of chromosomes to match the control
parameters of the regulator.

The population is initialized by the generation
of random individuals from 1 to NP chromosomes
evenly between 1 and D. The difference vector is
randomly generated from an individual choice.

The weighted difference vector is formed from
the difference vector multiplied by the weight
coefficient of mutation F.

The digital structure of the PID-controller is
implemented at the module level. The mutation
coefficient constant is affected by the length of the
mutation step. With a decrease in the difference
vector, the length of the mutation step in the
population also decreases. A vector is born from the
sum of the difference vector parameter and the
individual parameter. The target vector intersects
with the difference vector. Generational crossover is
performed between the CR crossover parameter and
a random number for each chromosome.
Subsequently, the target and test vectors were
selected based on the value of the objective function
to place the target wvector chromosomes by
generations. The selection is made in accordance
with the objective function. At least one
chromosome is selected from the mutation vector. If
the target vector is equal to the test vector, then the
test vector is selected to continue in the genus.

Unsigned optimized parameters are imported
from the DE optimization into the PID-controller.
Proportional, integral and derivative components are

calculated separately in the corresponding software
modules.

Randomly generatmg the matial
population of P°, from N,
feamible solutions

Calculation of the objectve
function for each element of the
popukation P

Equate the P population of the
current P=P” population

Change the population of P
through mutation surgery
PE = mutate (F)

Perform the crossmg operation on
the elements of the changed
populanon P= and the curent
population P
P= crossover (P=, P)

" Calculate the objective function

and the constramt functions for

each element of the population
P

Pertomn the selection operanon
P mgelectiP* P)

" Equate the P* population of the
current population
paper

Stop criteria reached

l 1
Stop

Fig. 2. Differential evolution algorithm
Source: compiled by the author
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The output value of the PID-controller is
obtained by summing all terms. Optimization of the

The parameters of the PID-controller are
selected by comparing the suitability values of
different generations.

According to the suitability value for the PID-
controller, the best control parameters are selected.

The functional diagram of the digital PID-
controller with DE is shown in Fig. 3.

Digital PID-regulator traditionally described

U(z) by+b-z"+b, 77

E(z) a,+a-z'+a,-z° @)

The recurrent procedure for calculating the
control corresponding to the operation of the digital
PID controller taking into account [9] has the form

ufn] =k, -uln-1]+k, -uln-2]-k, -e[n]-k, -e[n-1] -k, -e[n-2] @A)

The scheme of the PID-controller integrated
into the FPGA usually consists of register blocks
(REG_1-REG_4) used to store current and previous

PID-controller is realized by reducing the reference
and measured values or the number of generations.
error values (E (n),e(n-1),e(n-2),u(n-1)and u
(n - 2)), adder (ADD) and multipliers.

The block diagram of the PID-controller in
FPGA obtained in accordance with (3) and taking
into account [34] is shown in Fig. 4.

To configure the PID-controller parameters, the
DE2 (Altera) debug board was used [35]. DE is
hardware implemented in the PMem memory
module and the FXMem module for storing fitness
function values, random number generators, and a
state machine for controlling the DE execution
sequence (Fig. 5).

The memory size is determined by the
population size parameter NP and dimension D.

The FXMem module is implemented similarly
to PMem, with the difference that the FXMem size
is determined only by the NP parameter, since the
individual stores only one value.

DE parameters when tuning the PID-controller
to FPGA: NP = 100; CR = 0.9; mutation constant F
= 0.6; the number of generations G = 50. D is set
based on the number of parameters used in the
objective function.

¥

K
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Y | "
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Fig. 3. The functional diagram of the digital PID controller with DE
Source: compiled by the author
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Fig. 4. Block diagram of the PID controller in FPGA
Source: compiled by the author
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Fig. 5. Hardware implementation of DE for configuration in FPGA
Source: compiled by the author

The resources of the FPGA program used for
EP4ACE115F29C7 (Cyclone IV E) are determined
depending on the number of logic elements (4985),
inputs (71), registers (1512), and multipliers
involved.

The hardware description language VHDL is
used as the language for describing the hardware of
the PID-controller.

Synthesis of Combined Digital ACS in FPGA

The synthesis of the regulator is based on the
methods used in the analytical design of combined
ACS, taking into account the dynamic properties of
the technological equipment of the central air
conditioner CACS [31].

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)

Computer science and software engineering

333



Applied Aspects of Information Technology

2019; Vol.2 No.4: 328-344

In order to compensate for the disturbing
effects, ACS synthesis was carried out using the
direct Lyapunov method.

To solve this problem, a function has been
compiled that minimizes the difference between the
disturbing signal and the control action of the form

=05 (U, - K, f)? 4)

where: U1 is the control action compensating for the
disturbing effect f;

K1 is the gain of the object.For continuous
functions, the rate of change of the minimizing
function (1) is determined by the formula

di ol

df, al df, ol df -
—= — 4+ —~ 4. +— —L=gradl - f
dr of, dr of, dr of, dr (5)

n

The scalar product of the n-dimensional state
vector of an object characterizing the change in | at
time t

al
of,

ol
di |

Rl PY
dr _2

o, df, i,
dr dr dr

a
of

(6)
The scalar product modulus (6) is maximal for

parallel vectors | and n f Thereis proportionality
between the components of the vectors
(proportionality coefficient p, sec-1). Then, taking
into account the search for the minimum of the
function |

do, o d, o d, o,

ar 7 of, dr g o, dr g of )
df
— =—p-gradl
dr (8)

Given the non-stationary caused by the change
in f over time

df Bl
—=—p-gradl + —.
dr or 9)

d—': gradl - f_+ﬂ.

dr ot (10)
For an automated regulatory object
dl . .
—=U,-K,-f)-U,-(U,-K-f)- f-K,
dr (11)

The defining differential equation describing
the control action, the compensating perturbation
effect takes the form

Ulz—p'(Ul—Kl-f) (12)
Lyapunov function (4) after substituting (12)
in (11)

di:-o.s.p+(u1-}<1. £)2-05-(U,-K,-f)-f-K,
dr (13)

The stability condition is determined by the
following inequality

) )
o UK Yo U= O o]

Therefore, the function that minimizes the
difference between the disturbing signal and the
control action of the form (4) is the Lyapunov
function when condition (14) is satisfied. In this
case, the conditions must be met

d—I<O.

1>0; dr (15)

Given the control action (yo), function (4) and
the control action U; are determined

1 =05-(U,-K,-f-y,)?

(16)
du
: =-p-(U,-K;- f-y,)
dz , 17)
where: Yo is the specified value of the regulation
parameter

To stabilize the air parameters at the outlet of
the technological apparatus (air heater) of the air
conditioning system, an air conditioner is proposed
to use a regulator with P-control law in feedback.
Then the second control action is determined

U2:_Kp'Ay, (18)

Ko is the transfer coefficient of the P -

where
controller;
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Ay deviation of the value of the adjustable
parameter y from its predetermined value Yo

Total control action at the output of the
combined controller

U=—pJ(U1—K1~X—yO)dt—U2 (19)

The block diagram of the developed ACS for a
heat exchanger is shown in Fig. 6.

Yo, AY

Fig. 6. Structural diagram of a combined ACS of a central air heater
Source: compiled by the author

For small quantization periods, a digital control
algorithm written in finite differences taking into
account the increment of the control signal from the
correction link

ul(k)—A-ul(k—l)zB-f(k)+C-y0’ (20)

du

_IZ_P'(ul_Kl'f_yo'M)

dr , (21)

A 1 Bsz'P'Km C:Tk-p~M
where l+Tk~p; 1+Tk-p; 1+Tk-p;

M is a scale factor;

k =1, 2, 3, ... the number of the quantization
period

The algorithm of the digital P-controller that
forms the control action is easy to derive using [34]

u, (k) = K, -e(k), 22

where: e(k) = y(k) - Yo is the deviation of the output
variable from the given value

In accordance with (20) and (22), in the
combined digital ACS, a control action is applied to
the executive body of the regulatory object (RO)

u(k)=u, (k) +u, (k) (23)
The algorithm of the entire control system when
using the digital module RO

y(k) :al'yl(k_1)+b1' f(k)+a2'y2(k_1)+bz 'ul(k);
() = y(K) - .
u(k) = Kp -e(k)+A-u,(k-1)+B- f(k)+Cy,;

(24)
Ay(k —1) = Ay(k);
e(k —1) = e(k);
u(k —1) = u(k)

a, =—exp(-T, /T,); b, = K, /T,;

a, =—exp(-T, /T,); b, =K, /T,;
Tk — quantization period (according to Ziegler-

Nichols 7« = 01T

where:

@), Sec;
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Kl, Ky = respectively, the transmission
coefficients of the perturbing and control actions;

Ty, T> . respectively, the time constants on the
transmission channels of the perturbing and control
actions of the RO, sec

The developed scheme of the digital combined
controller is implemented in FPGA, designing the
device in Quartus 1l CAD.

Software VHDL - a description of the
operation algorithm of the local combined digital
controller

entity Reg is
port
(
CIk: in bit;

lo: in integer range -5000 to 172845;
I: in integer range -5000 to 172845;
Ik: in integer range -127 to 127;
Result: out integer
);
end Reg;
architecture struct of Reg is
constant A: integer:= 0740;
constant B: integer:= 3898;
constant C: integer:= 9260;
constant Kp: integer:= 986000;
signal w: integer;
signal wl: integer;
signal w2: integer;
signal w3: integer;
signal w4: integer;
signal w5: integer;
signal Tmp: integer;
begin
process(CIk)
begin
if(Clk'event and Clk = '1") then Tmp<=ws5;
end if;
end process;
process(1k)
begin
w<=Ik*B;
end process;
process(10)
begin
wl<=l|o*C;
end process;
process(Tmp)
begin
w2<=Tmp*A/1000;
end process;
process(lo, 1)
begin
w3<=lo-I;
end process;

process(w3)
begin

wi4<=w3*Kp;
end process;
process(w, wil, w2)
begin

wh<=w + wl + w2;
end process;
process(w4, w5)
begin

Result<=w4 + w5;
end process;

end struct;

INVESTIGATIONS OF THE DIGITAL
PID-CONTROLLER IN FPGA WITH
OPTIMIZATION OF SETTINGS
BASED ON DE

The study of the quality of regulation of the
PID-controller is carried out by modeling in
MATLAB. The results of studies for DE using the
standard error and integral absolute error as the
objective function for optimizing the settings of the
PID-controller are shown in Fig. 7, obtained by
changing the step perturbing effect on the heat
content of air in front of the RO.

When modeling, we used the previously
obtained data for the CACS air heater [31]:
transmission  coefficients  Ki=  0.421+0.06;

K,=0813£017 KkJ / (kg %); time constants

Ti=14+03; T.=61%12gec: Te =lgampling
period, sec. The values of the coefficients of the PID
controller kp, ki, kg, optimized for the objective
function of the mean square error, respectively,
amounted to 0.62 kJ/kg; 0.12 kJ sec/kg; 2.14 kl/kg,
according to the objective function of the integral
absolute error, amounted to 0.62 kJ/kg; 0.12 kJ
sec/kg; 2.14 kJ/kg, according to the objective
function of the integral absolute error, respectively —
0.66 kJ/kg; 0.069kJ sec /kg; 1.40 kJ/kg.

From the studies: the PID controller, the
regulation time was 0.48 seconds, the maximum
value of overshoot was 17.6 percent.

The PID controller with optimization of
parameters according to the objective function — the
standard error of 0.018 and the objective function -
the integral absolute error of 18.65, the control time
was 0.7 seconds; the maximum value of the
overshoot was 11.2 %.
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From the results of studies conducted under
conditions of short-term  stepwise disturbing
influences, it was found that a PID-controller with
optimized parameters has a 6.4 % lower overshoot, a
1.45 times shorter setup time for a controlled
parameter compared to a PID-controller with non-
optimized parameters.

Thus, studies of a digital PID controller with
optimized settings showed that such a controller, in
comparison with a PID-controller with non-
optimized  settings, has  better  dynamic
characteristics (less overshoot).

Scope

INVESTIGATIONS OF THE COMBINED
DIGITAL ACS IN FPGA

The developed scheme of a combined digital
ACS based on a P-controller with regulation by the
deviation of the controlled variable from its
predetermined value, as well as by the perturbation
applied to the controlled variable, is implemented in
FPGA by designing the device in Quartos Il CAD

(Fig. 8).

e

(=]

Fig. 7. Research PID-controller:

1 — PID-controller; 2 — PID-controller with optimization settings
Source: compiled by the author

The simulation of the studied ACS was carried
out in MATLAB-Simulink.

In the simulation, we used the previously
obtained data for an air heater of a CACS [31]:
transmission coefficients K1=0.421+0.06;

K, =0,813 £0,17 k3/(kg %); time T1=1.4+0.3;

T, =6.1+1,2 gec: gear ratio P -controller

K,=9890. p=1250 a1
-1 _ _

period T (delay operator Z =T = 1, sec).

The results of a study of a combined digital
ACS based on a P-controller when changing a step
perturbing effect on the heat content of air in front of
the RO are shown in Fig. 9.

quantization

From the studies of a combined ACS with
regulation on the deviation of the controlled variable
from its predetermined value, as well as on the
perturbation applied to the controlled variable it also
follows that the steady state is characterized by a
zero statistical error.

The regulation time was 2 seconds. The
maximum overshoot does not exceed 7 percent.

Studies of the combined ACS with regulation
by the deviation of the controlled variable from its
predetermined value, as well as by the perturbation
applied to the controlled variable, allowed us to
establish the following.

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)

Computer science and software engineering

337



Applied Aspects of Information Technology

2019; Vol.2 No.4: 328-344

10{18..0) D=y

1[18..0) Dt

Kk[7..0) ==

Result[31..0]

1T NPFIA = ,(,u“'“‘

MULTIPLIER

15'h242C ==ty

MULTIPLIER

Tmp[31..0)
0P g

CIk—> b

s

Fig. 8. Design scheme of a combined ACS for configuration in FPGA

Source: compiled by the author

Fig. 9. The results of the study of combined digital ACS

Source: compiled by the author

The choice of the quantization period is
significantly affected by the dynamics of the RO.
For relatively small values of the quantization period
T« equal to 1 sec.

The transition process practically coincides
with the processes in a continuous combined ACS.
For T.= 3 sec the quality of the transition process
can still be considered quite satisfactory, but at T«
greater than 5 sec it becomes unsatisfactory.

Depending on the parameters of the ACS
(Table), the time to establish the adjustable
coordinate T, and the magnitude of the control error
dl increase with an increase in the quantization
period (Fig. 10 and Fig. 11), which means that the
quality of regulation deteriorates.
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Table. Combined ACS parameters for different quantization periods

The parameters of Tk, sec
the combined
regulator 1 3 5 7 9 11 13
al 0,4900 0,1170 | 0,2810 | 0,0067 0,0016 | 0,0004 0,0001
a2 0,8490 0,6110 | 0,4400 | 0,3260 0,2320 | 0,1650 0,1180
bl 0,3000 0,3000 | 0,3000 | 0,3000 0,3000 | 0,3000 0,3000
b2 0,1330 0,1330 | 0,1330 | 0,1330 0,1330 | 0,1330 0,1330
A 0,0740 0,0260 | 0,0157 | 0,0113 0,0088 | 0,0072 0,0061
B 0,3600 0,4100 | 0,4140 | 0,4160 0,4170 | 0,4180 0,4190
C 0,9260 0,9740 | 0,9840 | 0,9890 0,9910 | 0,9930 0,9940
Source: compiled by the author
Ty, sec
30,0
25,0 «
20,0 +
15,0 4
10,0 «
5,0 4
0,0 T T T T T TK, sec
0,0 2.0 4.0 6,0 8.0 10,0 12,0 14,0

Fig.10. Dependence of the time it takes to establish an adjustable coordinate on the value of the

quantization period
Source: compiled by the author
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ar, ki/kg

T

/

0.8 /
0,6

0.4

0.2 A /

0.0 T 1 Tk, sec
0 2 4 6 8 10 12 14

Fig.11. The dependence of the magnitude of the regulation error on the magnitude of the

guantization period
Source: compiled by the author

COMPARATIVE ANALYSIS OF THE
QUALITY OF PID-CONTROLLER
REGULATION WITH OPTIMIZATION OF
SETTINGS BASED ON DE AND A COMBINED
DIGITAL ACS

From the conducted studies of a combined ACS
based on a P-controller with regulation by the
deviation of the controlled variable from its
predetermined value, as well as by the perturbation
applied to the controlled variable, it follows that the
steady state is characterized by a zero statistical
error. The regulation time is 2 seconds. The
maximum overshoot does not exceed 7 %.
Compared with a PID-controller with optimized
parameters, the combined ACS has a 5 % lower
overshoot, but a 2.8 times longer setup time for the
controlled parameter. For a CACS selected as an air
heater, the time constant is tens of seconds.
Therefore, the establishment time of the controlled
parameter of the PID controller with the
optimization of settings based on DE equal to 0.48
sec and the combined digital ACS — 2 sec does not
affect the quality of regulation.

However, the magnitude of the maximum
overshoot is critical for the heat transfer apparatus
OR. Therefore, the developed combined ACS, which
has a smaller overshoot in comparison with the PID-
controller with optimized parameters, has the
advantage.

CONCLUSION

Studies of a digital PID-controller with
optimization of settings based on DE and a
combined ACS based on a P-controller with
regulation by the deviation of the controlled variable
from its predetermined value, as well as by the
disturbance applied to the controlled variable, made
it possible to establish that both controllers operate
stably in real-time mode with a minimum amount of
regulation and permissible regulation time.

The assessment of the quality of regulation of
the combined ACS based on the P-regulator showed
that the maximum value of the overshoot does not
exceed 7 %. Evaluation of the quality of regulation
of the PID-controller with optimization of the
parameters according to the objective function made
it possible to establish that the maximum overshoot
was 11.2 %.

From the results of the studied regulators, it
follows that the use of a P-controller with
synthesized corrective link provides better indicators
of the quality of regulation than in the case of using
a PID-controller with optimized parameters for
automation of heat exchangers subject to significant
disturbances.

The implementation of the developed digital
controllers for self-propelled guns with CACS in the
FPGA was accompanied by minimal material costs
and reduced design time.
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AHOTALIS

VY craTTi HaBeleHO pe3yNbTATH CHHTE3Y IHU(POBHUX PETYIATOPIB I CHCTEM aBTOMATHYHOTO YIPABIiHHS TEITIOOOMIHHUMU
amapaTtaMH LEHTPAJIbHUX CHCTEM KOHIULIOHYBaHHS MOBITPs, IO ()YHKLUIOHYIOTH HPH 3MIHHHX 1CTOTHHX OOYpIOIOTH BILIMBAX.
Po3pobneHi perynasTtopu NOKIHMKaHI 3a0€3MEUUTH 3alaHy SKICTh pPETyITIOBaHHS (Mali dYac peryJroBaHHS, JOIYCTHMa BeIHIMHA
MeperyJIipoBaHisi), 3MiHH ITapaMeTPiB HACTPOHKH PEryasTOpiB 3 ypaxXyBaHHSIM yYMOB eKCILTyatalii o0'ekra perymoBaHHSA. CxeMHi
pIIIEHHS pETYNIATOpiB MOBMHHI OyTH BIiTHOCHO NHPOCTHMH. Peamizamiss BUMOT 1O pO3pOOIIIOBAHMX PETYIATOpaM 3AilCHEHa B
uudposomy tunosomy I1I/[-perymaropi 3 onTuMizaliiero Horo napamMeTpiB HACTPOUKHU 3a JTOTMIOMOTOI0 AITOPUTMY AU epeHIiaabHOT
esomromii. {mst omiaku sikocti perymoBanss [11/1-perynsrop TectyBaBcs B mporpami ModelSim. Pesynbratu Tecty anamisyBanucs 3a
nmonomororo Matlab. 3 Mmeroro peanizamii BUMOr 10 po3pOoOJIOBAaHUX PETYIATOpaM B sAKOCTi anbrepHatuBu I1IJI-perynsitopa 3
ONTUMI3aliel0 HOro mapaMeTpiB HACTPOMKH 3a OMOMOTOI0 alrOpuTMy AM(EepeHIiaJbHOI EBOIONII CTBOpeHa KOMOiHOBaHa
aBTOMAaTHYHA CHCTEMa PeryioBaHHS Ha ocHOBI II-perymsaropa. Cucrema peryiaroBaHHS MICTUTH [I-peryisTop 3 CHHTE30BaHHM
KOPUTYIOUHX JIaHKOI, IO 3a0e3ledye pEeryjIioBaHHS IO BIIXWICHHIO PErylbOBaHOI 3MIHHOI Bi 3afaHOro ii 3HAYeHHA 1 IO
0o0ypeHHI0, MPUKJIAJEHOTO A0 peryiboBaHoi 3MiHHOI. OIiHKa SKOCTI peryiroBaHHS [I-perymsaropa 3 KOpPHIYBaJbHHM JIAHKOIO
3IifiCHEHa 3a pe3yiabTaTaMH HociimkeHb B Matlab. ITI/I-perymsarop 3 onTuMi3alii€lo HOro mapaMeTpiB HACTPOMKH 3a JOTOMOTOI0
aNropuT™My IHu(epeHIiaIbHOl eBoMoLil, a Takoxk [1-perymsarop 3 kopuryBansHuM s1aHkolo peanizoBati B [1IJIIC. OCHOBHOIO MOBOIO
OMHCY amapaTHOro 3abesmeveHHs peanmizamii perynsropis B [LJIIC BuOpana MoBa Ui BHCOKONIBHIKICHUX IHTEIPAIbHUX CXEM
(VHDL). IMopiBHsuIbHMIA aHaN3 pe3yabTatiB gociiukeHHs uudposoro [TI/I-perynstopa 3 onTUMi3aliero napameTpis i KOMOIHOBaHOT
ACP 1103BONHIIN BCTAaHOBUTH, IO PETYJIATOPH 33{0BOJIBHSIOTE HEOOXITHIN SIKOCTI PerysIIoBaHHS IPH aBTOMAaTH3amii TeI1000MiHHHIX
amapariB LEHTPaJbHUX CUCTEM KOHIWIIOHYBAHHS HOBITPs, IO MiANAIOTHCSA BIUIMBY iCTOTHHX 30ypeHb. BOHH MaiOTh MOXXJIHMBICTH
3MIiHH NapaMeTpiB HaCTPOMKHU 3 ypaXyBaHHSIM YMOB eKcCIUTyaTanii o0'ekTa perymoBaHHs. Byio BctaHOBiIeHO, 10 BUKopucTaHHs [1-
peryisTopa 3 CHHTE30BaHUM KOPHTYIOUHX JIAHKOIO, III0 BOJIOJI€ OUTBLI MPOCTHM CXEMHHM DPILICHHSIM, TO3BOJISIE 3a0€3MEUUTH Kpalli
MOKA3HHUKU SKOCTI peryIroBaHHs B mopiBHsAHHI 3 [1I/-peryastopom 3 ONTHMi30BaHIMH ITapaMeTpaMH HaTAIITyBaHHSL.
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AHHOTANIUA

B cratbe mpuBeneHBl pe3yibTaThl CHHTE3a IUQPPOBBIX PETYAATOPOB JUIi CHUCTEM AaBTOMATHUYECKOTO YIPaBIECHUS
TEIJIOOOMEHHBIMU  aNllapaTaMy IIEHTPAJIbHBIX CHCTEM KOHIUIMOHWPOBAHUSA BO3AyXa, (QYHKIMOHHPYIONIMX IPU HEepeMEeHHBIX
CYIISCTBEHHBIX BO3MYILIAIOUIMX BO3JCHCTBHAX. Pa3paboTaHHBIE perynsTopsl TMpH3BaHbl O00CSCHEUNTh 3aJaHHOE KaueCTBO
perynupoBaHusl (Manble BpeMs PerylIMpOBaHUS, NOIMYCTHMAas BEIMYHMHA IIEPEeTyITUPOBAHUS), U3MEHEHHS apaMeTpoB HACTPOUKH
PEryJIATOPOB C YYETOM YCIOBHM O3KCIUTyaTalluM OOBEKTa peryaupoBaHusa. CXeMHBIE DPELICHUS PETYISTOPOB IOJDKHBI OBITH
OTHOCHTEIIFHO NPOCTHIMU. Peanm3anus TpebGoBaHMil kK pa3pabaTeIBaeMBIM PETYISTOpaM OCYIIECTBICHA B
mudposom tumosom [TH/I-perynsrope ¢ onTUMH3aIHeil ero mapaMeTpoB HACTPOHKH C MOMOINBIO alropuTMa Au(depeHnnaIb-Hon
sBomonmu. [lyist oueHkn kadectBa perymupoBanus [IVJ[-perymstop TectupoBaics B mporpamme ModelSim. Pesynbrarer Tecta
aHANM3MPOBAJINCh ¢ momolpio Matlab. B memsx peanusaium TpeGoBaHMH K paspabaTbiBACMBIM PETYIATOpaM B KadecTBE
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ansrepHatuBel [IW]/I-perynsropy ¢ onTuMmu3anpell ero mapamMeTpoB HACTPOMKH C MOMOLIBIO anroputMa auddepeHiranbHoit
9BOJIIOLIMKM CO3/aHAa  KOMOMHHpOBaHHAs aBTOMAaTH4eCKas CHCTEMa pErylinpoBaHHMs Ha ocHoBe [I-perymiaropa. Cucrema
pETYAMpOBaHUs COAEPKUT II-perymsiTop ¢ CHHTE3MPOBAHHBIM KOPPEKTHPYIOUIMM 3BEHOM, O0ECIEUHBAIOLUIMM DPErylnupOBaHUE I10
OTKJIOHCHUIO PETYIUpPYyeMOH IEpEeMEHHOH OT 3aJaHHOIO €€ 3HAYEHHA M 10 BO3MYILICHUIO, IPUIOKEHHOIO K pErylupyeMoin
nepeMeHHoi. OIeHKa KauecTBa peryiaupoBaHus II-perymstopa ¢ KOppeKTHPYIOIIMM 3BEHOM  OCYIIECTBICHA IO pe3ylbTaTaM
HCCIIE0BaHUN B Matlab. TIM[I-peryastop C ONTUMM3AlMENd €ro mnapaMeTpoB HACTPOMKHM C IOMOIIBIO aJIrOpUTMa
i depenmansHoil SBoMoNMY, a Take [I-perymsarop ¢ xoppektupyronmM 3BeHOM peann3oBasl B [IJIMC. OCHOBHBIM SI3BIKOM
OIMCAHMS alapaTHOro obecnedeHus peanusauu peryaitopos B IIJIMC BeIOpaH sI3bIK JUISt BHICOKOCKOPOCTHBIX HHTETPAIBHBIX CXEM
(VHDL). CpaBHuTenbHBII aHann3 pe3ynsrartoB uccienoBaHus uudposoro ITH]I-peryiasropa ¢ ONTHMH3alUCH MapaMeTpoB U
koMOuHUpoBaHHOI ACP MO3BOIMIN YCTAaHOBUTB, YTO DPETyISTOPHI YNOBIETBOPSIOT TPeOyeMOMY KauecCTBY PETYIMPOBAHHS IIPH
aBTOMATH3AIMN TEINIOOOMEHHBIX allapaToB IEHTPAIbHBIX CHCTEM KOHAMIMOHMPOBAHHS BO3IyXa, ITOIABEPXKEHHBIX BO3IEHCTBHUIO
CYIECTBEHHBIX BO3MyILeHU. OHM 0071a1a10T BO3MOXKHOCTBIO H3MEHEHHUS ITApaMeTPOB HACTPOUKHU C y4ETOM YCIOBHI 3KCILTyaTalliK
00BEKTa PEerylTupoBaHus. B0 yCTaHOBIEHO, YTO HCTOIb30BaHUE [I-perynsaTopa ¢ CHHTE3MPOBAHHBIM KOPPEKTHUPYIOIIHM 3BEHOM,
obnagaromuM Oosiee IPOCTHIM CXEMHBIM pEIICHHEM, IT03BOJISET OOECIeYHTh JydIlNe IOKa3aTelHd KadyecTBa PETyIHpOBaHHSI B
cpaBHeHuu ¢ [IM]] — perynsaTopoM ¢ ONTUMHU3UPOBAHHBIMU IIapaMETPaMU HACTPOMKH.

KonroueBnie coBa: nudposoit [TN/-perymsarop; muddepenimansHas 3BOIIONNS; KOMOMHUPOBAHHAsI aBTOMaTHIeCKasi CHCTeMa
PETYIMpPOBaHUs; IPOTPaMMUpyeMast JOTHUeCKasi HHTETpalbHask CXeMa; TEeMJI000MEHHBIH anmapar
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