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SETTING REGULATOR PARAMETERS IN A PROGRAMMABLE LOGIC INTEGRAL
CIRCUIT FOR AUTOMATIC CONTROL SYSTEMS OF HEAT EXCHANGERS

Annotation. 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) [1-4].

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) [7-9].

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 variables 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
[14-16].

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 (FPGASs) [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 [21-23].

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

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 a digital PID-controller in
FPGA with 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) = (X, %,,.... X,), (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 mutial
population of P°, from Ny
feamible solutions

Calculation of the objecuve
function for each element of the
popuktion 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
populabon P< and the curent
population P
P= crossover (P=, P)

" Calculate the objective function

and the constramt functions for

¢ach element of the population
P

Pertorm the selection operaton
P mgelectP- P)

" Equate the P°* population of the
current population
paper

Stop critenia reached

l 1
Stop

Fig. 2. Differential evolution algorithm
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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,-27
E(z2) a,+a-z"'+a,-z7°

)

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,-un-2]-k,-¢e[n] -k, -en-1-k. -eln-2] (3)
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

DE
algorithm

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.

Fig. 3. The functional diagram of the digital PID controller with DE
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Fig. 4. Block diagram of the PID controller in FPGA
- PMem Fitness
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Add V] p <
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Fig. 5. Hardware implementation of DE for configuration in FPGA

The resources of the FPGA program used for
EP4CE115F29C7 (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].
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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

| =0.5-(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

d_oldy ol d, ol d

= =gradl-f (5)
dr o, dr of, dr " ef .

. dr

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

al
o,

ol
di

L P
dr |

o, df, df,

, peees 6
dr dr dr ©)

N

ol
of

n

The scalar product modulus (6) is maximal for

parallel vectors | and u f . There is proportionality
between the components of the vectors

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

df ol
—=—p-gradl + —. 9
4z L9 or 9)

a_ gradl - il
dr ot

(10)

For an automated regulatory object

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

U=-p-U,-K-T) (12)
Lyapunov function (4) after substituting (12)
in (11)

;“:—0.5-p+(U1—K1-f)2—0.5-(U1—K1-f)-f-K1 (13)
T

The stability condition is determined by the
following inequality

o (U =K 17[>|U,- K- F)- K| (14)

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—|<O.
dr

| >0; (15)

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

(proportionality coefficient p, sec-1). Then, taking | =05-(U,-K,-f - ya)2 (16)
into account the search for the minimum of the du
function | drl =—p-U, =K f=yp), 17)
df, ol df, o df al where: Yo is the specified value of the regulation
P P P (7)  parameter
L 2 n To stabilize the air parameters at the outlet of
the technological apparatus (air heater) of the air
B conditioning system, an air conditioner is proposed
df di g) [0 use a regulator with P-control law in feedback.
dr —p-gra ) Then the second control action is determined
U, =-K,-Ay, (18)
d—lz(Ul—Kl- f)'Ul—(Ul—Kl' ). i K, (1) where K is the transfer coefficient of the P -
dr controller;
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Ay deviation of the value of the adjustable

parameter y from its predetermined value yg

Total control action at the output of the
combined controller

U=—p[U,—K;-X —y)dt-U, (19)

To

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

Y
- D‘

Fig. 6. Structural diagram of a combined ACS of a central air heater

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

uk)-A-uk-)=B-f(k)+C-y,, (20)

du,

d___p'(ul_Kl'f_yO'M)’ (21)
T

1 ' B T oKy,

_ T-p-M,
4T,-p’

where A= ;
14T, -p

S 14T.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) - y, 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) =2y, (k1) +Dy- f(k)+a,-y,(k=1)+b,-u, (k);
e(k) = y(K) - ¥o.
u(k) =K, -e(k)+ A-u,(k-1)+B- f (k) +Cy,;
Ay(k -1) = Ay(k);
e(k —1) =e(k);
u(k —1) =u(k)
where: a, = —exp(-T, /T)); b, =K, /T;
a, =—exp(-T,/T,); b, =K, /T,;
T — quantization period (according to Ziegler-
Nichols 7, =0.1-T, ), sec;

(24)
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K;,, K, - 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 11 CAD.

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

entity Reg is
port
(
Clk: 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<=I|k*B;
end process;
process(lo)
begin
wl<=lo*C;
end process;
process(Tmp)
begin
w2<=Tmp*A/1000;
end process;
process(lo, 1)
begin
w3<=lo-I;

end process;
process(w3)
begin

wa<=w3*Kp;
end process;
process(w, wl, w2)
begin

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

Result<=w4 + wh;
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,=0,813+017 kJ / (kg %); time constants

T.:=1.4+0.3; T, =6.1+12sec;

period, sec. The values of the coefficients of the PID
controller k,, 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 kJ/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 %.

From the results of studies conducted under
conditions of short-term stepwise disturbing
influences, it was found that a PID-controller with

T, =1sampling
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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).

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 1l CAD

(Fig. 8).

e

=]

Fig. 7. Research PID-controller:
1 - PID-controller; 2 — PID-controller with optimization settings

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
K;=0.421+0.06;

coefficients
K, =0,813+0,17 kJ/(kg %); time T,=1.4+0.3;

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.

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.

T, =6.1+1,2 sec; gear ratio P -controller
K,=9890; p=1250sec”; quantization

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

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

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

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.

338

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



Applied Aspects of Information Technology
Information Measuring and Control Systems

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

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
TY, sec
30,0
25,0 4
20,0 4
15,0 <
10,0
5,0 =
0.‘0 T T LJ L] .I‘K! sec
0,0 2,0 4.0 6,0 8,0 10,0 14,0
Fig.10. Dependence of the time it takes to establish an adjustable coordinate on the value of the
guantization period
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Fig.11. The dependence of the magnitude of the regulation error on the magnitude of the quantization
period

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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30iticnena 8 yugposomy munosomy Ill/]-pecyramopi 3 onmumizayiero 1io2o napamempie HACMPOUKU 3d OONOMO2010 AA2OPUMMY
Jughepenyianvnoi esomoyii. /s oyinku sikocmi pecyniogantns I1l/[-peeynsmop mecmysascs 6 npocpami ModelSim. Pezyiemamu
mecmy ananizyganucs 3a donomozoio Matlab. 3 memoro peanizayii 6umoe 00 po3pooOAIOEAHUX pe2yIAMOPaM 8 AKOCMI AlbINepHAMUsU
IJ]-pecynamopa 3 onmumizayieio 1020 napamempie HACMPOUKU 3a O0NOMO0I0 aneopummy ougepenyianvHoi egontoyii cmeopena
KOMOIHO8aHA asmomamuyna cucmema pecynioéantsa Ha ocnosi Il-pezynamopa. Cucmema pezymosanus micmums Il-pecyiamop 3
CUHME308AHUM KOPUSYIOUUX JIAHKOIO, WO 3a0e3NeYye pe2yio8aHHs No GIOXULEHHIO Pe2ylb08aHOT 3MIHHOL 8i0 3a0aH020 iT 3HaUeHHs |
1o 00YPeHHIO, NPUKIA0eH020 00 pe2ynbo8anoi sminHoi. Oyinka saxocmi pezynioganus Il-pecyismopa 3 KOpucy8aibHUM JAHKOIO
30iticHeHa 3a pe3yrvmamamu 0ocniodcens ¢ Matlab. I1l/[-peeyiamop 3 onmumizayiero 11020 napamempie HACMpPOUKU 3a 0ONOMO2010
aneopummy oughepenyianvroi esontoyii, a makoc Il-pecynsamop 3 kopuzysanvrhum aanxow peanizosani ¢ IIJIIC. Ochosnow Mm060io
onucy anapamwuozo 3abesneyenHs peanizayii pecynamopie ¢ IIJIIC eubpana moea 07 BUCOKOWBUOKICHUX [HMESPATbHUX CXeM
(VHDL). MHopisusnbnuii ananiz pesyivbmamis 0ociioxcenns yugposoeo IIlJ[-pecyrsmopa 3 onmumizayicio napamempie i
Kombinosanoi ACP 0o36onunu ecmanogumu, wo pezyisimopu 3a00801bHAIOMb HeOOXIOHIL AKOCMI pe2yT08anHA NPU A8MoMamu3ayii
MEeNnI00OMIHHUX anapamis YeHmpAaibHUX CUCmeM KOHOUYIOHYS8AHHSA NOGIMps, wo Ni00aiomvbCsi 6naugy icmomuux 30ypens. Bowu
Maroms MONHCIUGICMb 3MIHU NAPAMEMPi8 HACMPOUKU 3 YPAXYBAHHAM YMO08 eKchayamayii 06'ekma pezyntoeanna. byno ecmanosneno,
wo suxopucmanus Il-pecyisimopa 3 CuUHmMe308aHUM KOPULYIOYUX JIAHKOIO, WO 80100IE OilbUl NPOCMUM CXEMHUM PIUEHHAM, 003605€
3abe3neqyumu Kpawi NOKA3HUKU SKOCMI pecyniosanHs 6 nopiensnui 3 I1lJ[-pecynsimopom 3 ONMuMizo8aHuMu napamempamu
HANAUmy 8aHHs.

Knrwuoei cnosa: yugposuii I11/]-pecyniamop; oughepenyianvha egonioyis; KOMOIHOBAHA ABMOMAMUYHA CUCTEMA Pe2yIIO8AHHSL,
NPOSPAMOBAHA 02IUHA THMESPATbHA CXeMa, MenJoo0OMIHHULL anapam
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HACTPOMKA ITAPAMETPOB PET'YJIATOPOB B ITIPOT'PAMMUPYEMOM JIOTUYECKOM
UHTET'PAJIBHOM CXEME JIJISI CHCTEM ABTOMATHUYECKOT'O YIIPABJIEHUS
TEINNIOOBMEHHBIMU AIIITAPATAMHU

Annomayusn. B cmamve npusedeHvl pe3ynomamvl Cunmesa YuUpposvix peyisimopog O CUCmeM agmoMamuyeckozo
YApAGIeHUss MenI00OMEHHbIMU ANNAPAMAaMU  YEeHMPAIbHbIX CUCMEM KOHOUYUOHUPOBAHUSL 6030YXd, (DYHKYUOHUDYIOWUX NpU
NEePeMEHHbIX CYWeCMBEeHHbIX 603MYWalowux go3oeticmeusx. Paspabomannvie peeynamopel npuzeanvi obecnequms 3a0aHHOE
Kauecmeo pe2ynupoeanusi (Maivle 6peMsi pe2yiupo8anus, OONYCIMUMAsS GEIUYUHA Nepe2yIupO8aHUsl), UMEHEHUs. Napamempos
HACMPOUKYU  Pe2yIsimopo8 ¢ y4emom YCaoguti skcnayamayuu odvexma peeynuposanus. Cxemuvle peuienus pecyisimopos OO0NdiCHb
Obimb omHOCUMeENbHO npocmulmu. Peanuzayus mpebosanuil k pazpabamuvleaemvlym pe2yisimopam oCywecmeiend 6
yugpposom munosom IH/]-pecyrsmope ¢ onmumuzayuetl e20 naApamempos HACMpPOUKU ¢ NOMOWbIO aleopumma OupdepeHyuanvHoul
agomoyuu. /s oyenxku kavecmea pezynuposanus ITH/-peeynamop mecmuposaics ¢ npoepamme ModelSim. Pesynvmamusl mecma
ananuzuposanuce ¢ nomowwio Matlab. B yensix peanuzayuu mpebosanuii Kk pazpabamviaeMviM peSyisimopam 6 Kauecmee
anemepramuest [TH][-pecynsmopy ¢ onmumuzayueil e2o0 RApamempos HACMPOUKU C NOMOWbIO aneopumma ouggepenyuanvroii
960MIOYUU  CO30AHA  KOMOUHUPOBAHHAS AGMOMAMUYECKAs cucmema pe2ynupoganusi na ochoge Il-pecynsmopa. Cucmema
peaynupoganusi cooepacum Il-pecynsimop ¢ cunmesupo8aHHbIM KOPPEKMUPYIOWUM 36EHOM, 00eCRequsaiouuM pe2yiuposanue no
OMKIOHEHUIO Pe2yIupyeMoll NePemMeHHol Om 3a0aHHO20 ee 3HAYEHUs U NO GOMYULCHUIO, NPUILOJICEHHO20 K pe2yiupyemotl
nepemennou. Oyenka kavecmea pecynuposanus II-pecynamopa ¢ KOPpeKmupyloOwuM 36€HOM — OCYWeCM6IeHa no pe3yibmamam
uccredosanuti ¢ Matlab. [TH/[-pecynamop ¢ onmumuzayueii e20 napamempos HACMPOUKU C NOMOWDBIO AI2OPUMMA
oughpepenyuanvroi seonoyuu, a maxce [I-pecyisimop ¢ Koppexmupyiowum 36eHom peanusosanvlt ¢ IIJIUC. OchosHbiMm A3b1KOM
onucanusi annapamnozo obecneuenus peanusayuu peynsmopos 6 IIJIHC evibpan 51361k OJisi 8bICOKOCKOPOCMHbIX UHMESPATbHbIX
cxem (VHDL). Cpasnumensuuiii ananus pesynomamos ucciedosanus yughposozo ITHII-pecynamopa ¢ onmumusayueti napamempos u
rxombunupogannou ACP no3eonunu ycmanogums, 4mo pecyismopsl YOO0eIemeopsion mpedyemomy Kaiecmay pe2yiupoSanus npu
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agmomamuzayuu menio0OMeHHbIX ANnapamos YeHmpaibHblX CUCmeM KOHOUYUOHUPOBAHUS 8030YXA, NOOBEPHCEHHBIX 8030€UCMEUI0
cywecmeennvix  6ozmywenutl. Onu  001a0aiom 603MONCHOCMBIO USMEHEHUSI NAPAMEempo8 HACMPOUKU C  Y4emoM YCI08Ul
aKenayamayuu obvekma pezyaupoganus. bwino ycmamosnemo, umo ucnonvzosanue Il-pecynamopa ¢ cunmesupoS8aHHbIM
KOppekmupylowum 36eHom, 00naoaiowum 6onee NPpOCMbLM CXeMHbIM peuleHueM, NO360sem obecnedums Jyyuiue noKazamenu
Kawecmea pe2ynuposanus 6 cpasnuenuu ¢ IIHJ] — pecynamopom ¢ onmumu3upo8anHuiMy napamempamu HacmpouKu.
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