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Modern digital control systems make it possible to implement quite complex control
strategy, the complexity of which is limited by the har dwar e capabilities, the available software
and the implemented control algorithm. An important component of such an algorithm is the
numerical method, which allows to discretize the control rule on the basis of a continuous
prototype. Such application example is the classic PID controller, which has become the basis
for the development of digital control systems. Two mathematical operations are performed in
such a controller: integration and differentiation, which in a digital system obtain discrete
equivalentsin the corresponding recurrent equations form.

The article considers a digital PID controller as a digital filter, which with the use of the
frequency characteristics (Bode diagrams) allowed to deter mine its most " narrow" place — the
high-frequency diagram region that correspond to the differentiating part of the controller.
This made it possible to focus the research on the practical implementation of the differential
part of the digital PID controller. It is shown that the traditional way of the differential
oper ation performing by the simple method of finite differ ences has some of disadvantages that
make it fundamentally impracticable, asillustrated by the corresponding graphs.

To eiminate the limitations of the traditional differential operation by the finite difference
method, two variants of structural schemes of a real differentiator are proposed. The first
variant of the real differentiator proposed to build on the structural scheme in feedback with
the integrator. The second variant of the real differentiator is proposed to build according to
the structural scheme with a parallel connection of the proportional and the first order blocks.
The application of explicit numerical Adams integrators (also known as Adams-Bashforth
rule) from thefirst to the fourth order under the conditions of physical realization is proposed
to perform sampling. A study of both their frequency characteristics and their behavior
performed on a noisy signal for these structural schemes.

All research in the article was conducted using the Control System Toolbox library of the
mathematical application MATLAB. It is shown that the use of the proposed real differen-
tiation methods allows smple and efficient implementation of digital PID controllers.

Keywords: differentiation, digital PID controller, digital control systems, noises, numerical
integration, numerical methods, real-time systems.
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Introduction

The using modern digital technology in automatic control systems has made it possible to implement
relatively complex regulation strategy. Such systems consist the built-in algorithms and programs, part of which
isthe use of certain numerical methods. For example, it is claimed [1] that up to 90% of all industrial controllers
arePID controllers, where integration and differentiation operations are a controller part.

Digital control systems are real-time systems, so the use of numerical integrators in such systems is
limited to explicit multi-step methods with a constant integration step due to the technical implementation [2],
which do not provide in the process the next sample (not performed yet) of the measured coordinate (for the
implicit method). Therefore, both implicit multi-step methods and all single-step methods that require
intermediate values of the derivative for the fractional step are excluded from the studies due to the inability to
get information on theintegrated function behavior in the interval between samples of the operational signal.

Note that:

e onthe one hand, it is known from applied mathematics about the numerical methods effects for
solving ordinary differential equations on the behavior of the developed mathematical model —
this is corrected by choosing the appropriate integration step (in modern algorithms this is
achieved by automatic selection step);

e on the other hand, in real-time digital systems, the sampling period (integration step) is a fixed
value and determined during the design of such a system, which leaves a certain imprint on its
behavior [2] and limits the further adjusting possibility of the digital system behavior.

The use of PID-controller digital models, which are obtained using various classical discretization
methods, allows using the control theory methods (for discrete systems) to analyze and search for causes of
differences in the digital controllers behavior, considering them as digital filters [2, 3]. In this case, the use
of control theory methods, in particular, methods of analysis and synthesis of discrete systems using the z-
transform, has advantages that are associated with correspondence of characteristics in the frequency and
time domains for linear and linearized systems [3, 4]. This method of analysis using appropriate
mathematical applications [5, 6] allows to study the frequency characteristics of digital control systems.

In the plot of Fig. 1 shows the frequency characteristics (Bode diagrams) of a continuous and some
implementations of a digital PID controller obtained by the Control System Toolbox of the MATLAB application
[5, 6] with the following parameters: proportional gain K, = 1, integrator time constant T; = 10 ¢, differentiator time
congtant Ty = 0.1 ¢, the time constant of the redl differentiator filter T4/100. The frequency characterigtics of digital
implementations are built for the sampling step h = 25ms and three ways to sample a continuous controller:
dassical z-transform (marked on the plat by the letter Z), Tugtin method (Tugtin) and a method for matching the
zerog/pales of the transfer functions (matched). This analysis makes it possible to determine the critical frequency
rangein relation to the numerical methods used to discretization the continuous system.
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Graph analysis of Fig. 1 confirms that the obtained frequency characteristics of the considered PID
controller's digital implementations indicate the determining influence of sampling processes on the high-
frequency part of the frequency characteristics, which corresponds to the differentiating part. Thus, in the
case of aPID controller, it isrational to study the sampling processes influence of a continuous system on
the differentiating part of the digital PID controller.

Problem analysis, recent research and publications

The implementation of the operation of digital signal differentiation in control systems is one of the
problems of the digital systems development, which is associated with the presence of various types of
high-frequency interference and noise in signal circuits, which are not always effectively eliminated by
filtering. In particular, these may be the results of level quantization due to the route through an anal og-to-
digital converter (ADC). It should also be borne in mind that the mathematical software used in digital
control systems performs finite accuracy calculations, which is often determined by the used hardware and
software.

The classical and most frequently used implementation of a digital differentiator according to the

known algorithm of finite differences of the first order %z% [3, 4] produces a satisfactory

derivative signal for an ideal noise-free signal [5]. Unfortunately, there are always noises and interferences
in the operating signals in reality, the effect of which increases during decreasing sampling step h (see the
formula above). Example of unsatisfactory differentiation of a sinusoidal signal with a noise level 1% (note
that this level of interference is not even visible on the plot) for two sampling times 1 and 0.1 ms shown on
Fig. 2 (pay attention to the output value scale). For this example, MATLAB generated a uniformly
distributed random signal (“white noise”). It is clear that the use of such a result of digital differentiation
will lead to unsatisfactory operation of the control system as awhole.

A similar result is given by the route of the signal through the ADC — quantization by level
(“digitization). Even a small change in the signal in the lower bit due to the small size of the sampling
time (again, see the formula above) leads to a significant value of the output signal, which is shown in the
case of a hypothetical 4-bit ADC (example for illustration only) in Fig. 3 and for atypical industrial 12-bit
ADC (Fig. 4) in the case of an input signal of 1 V and two different sampling steps 1 i 0.1 ms (again, pay
attention to the scale).
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Fig. 4. The output signal of the digital differentiator according to the algorithm
of finite differences after the route of the sine signal through a 12-bit ADC

It is clear that the “digitization” of real signals with noise and interference in digital control systems
does not improve the situation, especially since all arithmetic operations in a digital control system occur,
as we recall, with limited precision, which is determined, as mentioned above, hardware and software.
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Thus, in the digital PID controller from the point of view of practical implementation the most problematic
is the differentiating part.

The aim of the resear ch is to study the influence of numerical integrators [7] in the case of practical
implementation of digital control system, in particular, the operation of digital differentiation.

Main material

To reduce the impact of high-frequency interference and noise in the case of PID-regulator can be used
by a redl differentiator [8], one of the options for which can be implemented according to the block diagram
shown in Fig. 5. The transfer function of such a real differentiator is
found by smpletransformations:

X Yd(S
Wi K _KTs_ Ts ) K (L
(9) = _ _ .
1.tk Ttk Toy
T-s K

In the case of digital implementation of the PID controller 1
according to this digital differentiator variant, it is necessary to use the T-s
appropriate digital integrator. The physical implementation of the
numerical integration operation in the red-time control system is
possible only for using explicit multi-step formulas, which is shown in
[2]. At present, the most effective of theseare ill Adams formulas[7].

The process of obtaining a discrete transfer function of a digital integrator for a real-time
system and fixed integration step h shown by the example of the third order explicit Adams formula

ViZ=Y.;
YiZ =Y,

Fig. 5. Block diagram of
thereal differentiator

V.=V, +1—hz(23>g ~16x,,+5x_,) [7] using method [2, 3]. Taking into account the theorem [3] {

h 1 -2 h 2
—(23-1627+527) E(zsz ~167+5)

discrete transfer function of such integrator obtained W,(z) = 12T, n = e and
2_ —

used for next analysis. Applying the known methods [2, 4, 9], we find discrete transfer functions for other
1%-4th order digital integrators, which are obtained by discretizing the operation of continuous integration
by explicit Adams formulas (their discrete transfer functions are summarized in Table 1). Given the results
obtained in [10, 11], it made no senseto consider discrete approximations of higher orders.

Table 1
Discretetransfer functions of numerical integration operators
Intoer%r:rt o Numerical integrator Digital transfer function
1 Yia =Y, +hx W= DT
z-1
2 h h
Yia= ¥+ (3% %) o 821
W,(2) =—;
2"—2Z
3
Viu =Y, + (23 ~16x, +5x,,) N (237 -162+5)
12 121
W.(2) = T
2" -2
4
V.= Y+ (s5%, ~50% , +37x_, -9 ) N (522 5922 4 372-9)
24 24T
W, () =— R
2 —2

The obtained discrete transfer functions were used to implement the model of digital PID controller
by means of Control System Toolbox (MATLAB) for further analysis of frequency characteristics and
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research of the output signal in the presence of noise and interference of the differentiating part of the
controller (differentiator) using structure Fig. 5. The obtained frequency characteristics of the digital PID
controller implementations using a differentiator (Fig. 5) are shown in Fig. 6 for 1-4th orders explicit
Adams formulas and sampling time h =25 ms. A somewhat unexpected result is a better approximation to
the frequency characteristics of the continuous PID controller the frequency characteristics of digital
implementations, which are abtained using low-order integrators.
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Fig. 6. Frequency responses
of the PID controller:

a continuous controller and its
digital implementations using
1-4th orders explicit Adams
formulas for a sampling time 25
ms

Checking the effectiveness of digital differentiation using structure shown in Fig. 5 is illustrated by the
graphs of Figs. 7 and Fig. 8 for two cases of goplication of explicit Adams formulas— 1st (Fig. 7) and 4th (Fig. 8)
orders and sampling times 1 and 0.1 ms. Of course, this method of numerical differentiation is much better than
the classical method of finite differences, theresult of which has already been presented in Fig. 2.
Regarding the efficiency of differentiation, it should be noted that there is practically no difference in the
results of this operation, regardless of the applied digital integrator order, as can be seen from the plots of Figs. 7
and 8.
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Initial noisy signal (1% noise)
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Fig. 8. Theresult of digital
differentiation by
the structure
of Fig. 5for different
sampling periods and fourth
order integrator

Another way to reduce the effect of high-frequency interference and disturbance is filtering. An
aternative structure for the real differentiator practical implementation is shown in Fig. 9, and its transfer
function is found by simple transformations:

K KT-s
T-s+1 T-s+1’

The process to obtain a discrete mode in the recurrent

equation form for areal-time system for afixed integration step

W, (s) =K -

h is shown by the example of an third order explicit Adams X(S) Ya(S)
» K

formula y_ =y, +1—hz(23>g ~16x_,+5x_,) [7] using method
[2, 3]. After substitution in the numerical integrator

o X — . Y(s
formula derivative value y'=m from the ordinary K ()

T T s+1
differential equation T-y'+y=K-x and simple algebraic
simplifications we obtain a recurrent modeling formula Fig. 9. Block diagram
23h 16h 5h of the proposed i mplementation
i1 _[ o7 j Yi + 10T Yii— o7 Yiot of the digital differentiator

h
+E(23>g —16x_, +5X ,)

YiZ=Ya;
YZ' =Y
h(23z* ~167+5)
2T7* — (12T — 23h) 2> —16hz+5h
mentioned methods [2, 4, 9], discrete first-order transfer functions were constructed for 1st-4th order
explicit digital Adams integrators (their discrete transfer functions placed in Table 2). Again, given the

results obtained in [10, 11], it made no sense to consider higher orders discrete approximations.

Taking into account the theorem [3] { a discrete transfer function of such a first-order

block is aobtained \/\/3(z)=1 , which is used in further analysis. Using the

41



B. Mopos, A. Bakapuyx

Table 2
Discretetransfer functions of the first-order block digital models
| — . .
ntoer%r:rtor Numerical integrator Digital transfer function
1 Y=Y +hx W(2) = h
Tz—(T-h)
2 h h(3z-1)
=y +—(3x — W, (2) =
Yia= ¥+ 5(3x %) 2= —amzn
3 vy + M (23 ~16x . +5x ) W.(2) = h(23z2 -162+5)
712 b SN 12T — (12T — 23h) 2 —16hz+5h
4 h h(55z° —597* +372-9)
=Y, +—(55x —59x | +37x , —9x _ W,(2) =
Yia = 24( X, ~59%., 437, 9. (%)= 4T7 — (24T —88h) 7 —59h7* + 37hz—oh

The obtained discrete transfer functions were used to implement the model of digital PID controller
by means of Control System Toolbox (MATLAB) for further analysis of frequency characteristics and
study of the output signal form in the presence of noise and interference of the differentiating part of the
controller (differentiator) using structure Fig. 9. The obtained frequency characteristics of the digital PID
controller implementations using a differentiator (Fig. 9) are shown in Fig. 10 for the 1-4th orders explicit
Adams formulas and a sampling time 25 ms. Again, a somewhat unexpected result was a better
approximation to the frequency characteristics of the continuous PID controller (prototype) frequency
characteristics of digital implementations using low-order integrators.
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Fig. 10. Frequency responses of the PID controller: a continuous controller
and its digital implementations using 1-4th orders explicit Adams formulas with a sampling time 25 ms

Checking the effectiveness of digital differentiation using the structure in Fig. 9 is illustrated by the
plots of Figs. 11 and Fig. 12 for two variants of explicit Adams formulas — 1st (Fig. 11) and 4th (Fig. 12)
orders and sampling time 1 and 0.1 ms. Of course, this numerical differentiation method is also much
better than the classical method of finite differences, the result of which is contained in Fig. 2, and
practically matches in efficiency with the previous method (Fig. 5).
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Fig. 11. The result of
digital differentiation
by the method
of Fig. 9 for different
sampling times and
first order integrator
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Regarding the differentiation efficiency, again, it should be noted practically no difference in the
results of the operation, regardless of the digital integrator order, as can be seen from the plots of Figs. 11
and Fig. 12. Both types of the proposed digital differentiators implementation, as shown by research (plots
because of space deficiency are not given), are effective for a wide range of input signals and are suitable
for awide range of sampling times.

Conclusions

Analysis of the research results showed:

e Traditional methods of a digital differentiator implementing by the finite difference method can
be used only with certain restrictions on the type of signa and sampling time and require
sufficient filtering of theinput signal.

e Proposed in the article digital differentiator implementations provide sufficient differentiation
accuracy for different signal types and a wide range of sampling times.
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o For thepractica digita differentiators implementation according to the proposed structures, the use
of low-order digital integrators is sufficient, as it is confirmed that there is no advantage of using
high-order integrators. This makes it possible to smplify the digital differentiation computations and,
accordingly, smplify the contral algorithm and to use even low-power controllers.

Prospects for further research
As the frequency responses analysis showed, the use of numerical integrators in digital systems
makes additional changes of amplitude and phase in the resulting frequency responses of the digital
controller. The value of such amplitude and phase changes depends on both the applied sampling time and
the numerical method order. This numerical methods' influence on frequency responses requires further
research given the prospects of its usein digital control systems.

References

1. Michae A Johnson and Mohammad H. Moradi (Editors). PID Control: New | dentification and Design Methods
© Springer-Verlag London Limited, 2005. 544 p. [ISBN-10: 1-85233-702-8; ISBN-13: 978-1-85233-702-5]

2. Moroz V. Chydovi intehratory v tsyfrovykh systemakh keruvannya. Visnyk Natsonal 'noho universytetu
“L vivs'ka politekhnika” // Elektroenerhetychni ta elektromekhanichni systemy” . 2006. Me 563. S, 99-104. (Ukr)

3. Elijah I. Jury. Theory and Application of the Z-Transform Method. Krieger Pub Co, 1973. [ISBN O-
88275-122-0]

4. Katsuhiko Ogata. Discrete-Time Control Systems, 2nd edition. Published by Pearson, 1995. [1SBN-13:
9780130342812]

5. MATLAB Environment. © 1994-2020 The MathWorks, Inc. URL: https.//wmw.mathworks.convpro-
ducts/matlab.html

6. Control System Toolbox: Design and analyze control systems. © 1994-2020 The MathWorks, Inc. URL:
https.//mwww. mathworks.comyproducts/control.html ?s _tid=srchtitle

7. E. Hairer, S Norsett, G. Wanner. Solving Ordinary Differential Equations I: Nonstiff Problems. 2nd
Edition. Springer, 2008. [|SBN 978-3-540-56670-0]

8. V. Moroz, V. Oksentyuk, |. Snitkov. Realizatsiya operatsiyi dyferentsiyuvannya u mikrokontrolerakh.
Matematychne ta komp 'yuterne modelyuvannya. Seriya: Tekhnichni nauky : zb. nauk. prats’. Instytut kibernetyky im.
V. M. Hlushkova NAN Ukrayiny, Kam'yanets™-Podil 'skyy nats universytet im 1. Ohiyenka. Kam'yanets-Podil 'skyy :
Kamyanets-Podil 's’kyy natsional nyy universytetim |. Ohiyenka, 2010. Wp. 3.[232s]. S 154-159. (Ukr)

9. Moroz V. Pohlyad inZhenera-elektryka na chydovi metody rozv'yazawannya zvychaynykh dyferentsal ‘nykh
rivnyan”. Visnyk Natsional noho universytetu “ L 'vivs’ka politekhnika” // Elektroenerhetychni ta e ektromekhanichni
systemy. 2003. No. 485. S. 208-213. (Ukr)

10. Moroz V. Analiz ratdonal 'noho poryadku aproksymatsyi diya vidnoviennya informatsyi za yiyi dyskretnymy
vidlikamy. RIU (Radioelektronika. Informatyka. Upravlinnya). 2008. No. 1 (19). S 74—78. (Ukr)

11. Cleve Moler. Numerical Computing with MATLAB. Copyright 2004, Cleve B. Moler, MathWorks. SAM,
2004. 336 Pp. ISBN: 0-89871-560-1.

Cnucok eukopucmanux ocepen

1. Michad A. Johnson and Mohammad H. Moradi (Editors). PID Control: New ldentification and Design
Methods. © Soringer-Verlag London Limited, 2005. 544 p. [ISBN-10: 1-85233-702-8; |SBN-13: 978-1-85233-702-5]

2. Mopo3z B. Yucnosi inmespamopu 8 yugposux cucmemax kepyeanns Il Bicnux Hayionanshoeo yHieepcumemy
“ JIvgiscora nonimexwika” * Enexmpoenepeemuuni ma enexmpomexaniyni cucmemu” . 2006. Ne 563. C. 99-104.

3. Elijah1. dury. Theory and Application of the Z-Tranorm Method. Krieger Pub Co, 1973. [ISBN 0-83275-122-0]

4. Katsuhiko Ogata. Discrete-Time Control Systems, 2nd edition. Published by Pearson, 1995, [ISBN-13;
9780130342812

5. MATLAB Environment. © 1994-2020 The MathWorks, Inc. URL: https//mwmw.mathworks.comypro-
ductgmatlab.html

6. Control Sysem Toolbox: Design and analyze control systems. © 1994-2020 The MathWorks, Inc. URL:
https./Amwww.mathworks.conmyproducts/control.html?s_tid=srchtitle

7. E. Hairer, S Norsett, G. Wanner. Solving Ordinary Differential Equations I: Nongtiff Problems. 2nd Edition.
Soringer, 2008. [IBN 978-3-540-56670-0]

8. Mopos B. Peanizayis onepayii ougepenyiiosanms y mikpoxonmponepax | B. Mopos, B. Oxcenmiox, 1. Crimxos I/
Mamemamuune ma xomn’omeprne mooemosanns. Cepist. Texniuni nayku . 36. Hayk. npays | Incmumym xibepremuxu iveni

44



Bnaus uucnosoeo memooy na nosedinky yugposozo I1l/[-pecyismopa

B. M. Iywikosa Hayionanwhoi akademii nayk Yxpainu, Kaw' simeyv-Ilodinecokuti HayionansHuil yrisepcumem im. 1s. Ozi-
enka ; [peokon.. B. B. Cxoneyvkuil (6ion. ped.) ma in.] . Kam' sneyo-Tlooinbcokuil . Kam' smeyb-IT00inbcokuil HayioHatbHuil
yHieepcumem imeni Isana Ocienka, 2010. Bun. 3. [232¢]. C.154-159.

9. Mopos B. Hoansi0 indcenepa-enekmpuka Ha 4uciogi Memoou po3e' A3Y6aHHs 36UHAUHUX OUGEPEeHYIATbHUX
piensmw Il Bicnux Hayionanwrozo yrisepcumenty “ Jlvsiecoka nonimexuixa” Il Enexmpoenepeemuuni ma eiekmpomexaniv-
Hi cucmemu. 2003, Ne 485. C. 208-213.

10. Mopo3z B. Ananiz payionansroco nopsoky anpoxcumayii Onsi 6lOHOGNeHHs THGhopmayii 3a i1 OUCKpemHuMu
sionixamu | B. Mopos Il PIV (Padioenexmponika. Inghopmamuxa. Ynpasninns). 2008. Ne 1 (19). C. 74-78.

11. Cleve Moler. Numerical Computing with MATLAB. Copyright 2004, Cleve B. Mdler, MathWorks. SAM, 2004.
336 Pp. ISBN: 0-89871-560-1.

B. 1. Mopo3

Haunionansnuii yHiBepcuret “JIbBiBChKa MomiTexHika”,

Kadenpa eNeKTPOMEXaTPOHIKY Ta KOMIT FOTEPU30BAHHX €IEKTPOMEXaHIYHIX CHUCTEM,
volodymyr.i.moroz@Ipnu.ua

A. Bakapuyk

Haunionanshuii yHiBepcuret “JIbBiBCbKa MomiTexHiKa”

Kadenpa eNeKTPOMEXaTPOHIKY Ta KOMIT FOTEPU30BAHHX €IEKTPOMEXaHIYHIX CHUCTEM,
anastasiia.b.vakarchuk@Il pnu.ua

BIJIMB YU CJIOBOI'O METOAY HA MOBEJAIHKY IU®POBOT'O MIA-PETI'YJISITOPA
© Mopos B. I., Baxapuyx A., 2020

CyuacHi mu¢poBi cucTeMu KepyBaHHSI JAal0Thb 3MOIY Peai30ByBaTH JOCTATHBO CKJIAAHI 3aKOHHU
PeryJIloBaHHs, CKJIAJHICTh AKHX 00MeKYEThCS MOKIMBOCTAMH ANAPATHOI YACTHHM, HASIBHUM NPOrpaMHUM
3a0e3neyeHHAM i 3aKJIAJeHMM AJITOPUTMOM peryJIl0BaHHs. BajkinBo0 CKJIAI0BOI0 TAKOI0 AJITOPUTMY €
3aCTOCOBAHUI YHCJIOBHII MeTO, AKHI 1a€ 3MOry JUCKPeTH3YBAaTH 3aKOH KePYBAaHHS HA MiICTaBi Hemepeps-
Horo nporotuny. IIpukaaaom Takoro 3acrocyBaHHs € kjaacuunuii IT1/{-perynasitop, sikuii ctaB 0a3010 11
Po3po0ku U(POBUX AHAIOTIB. Y TAKOMY PeryjsiTopi 3ailiCHIOIOThLCS ABI MaTeMaTU4Hi onepaiii. iHTerpy-
BaHHA Ta Ju(epeHUilOBaHHA, siki B IM(POBiii cucTeMi OTPUMYIOTH AUCKPeTHI eKBiBAJIGHTH Y BUIVISAAL
BilIOBiTHNX peKypeHTHUX PiBHAHB.

Y crarri posriasinyto mudposmii IIIJI-perynsarop sik nuppoBuii (GiabTp, M0 3 BHKOPUCTAHHAM
anapaTy 4acTOTHHX XapaKTePHUCTHK JAJI0 3MOIy BH3HAYMTH HaiiGineln “By3bke” HOro micume — BHCOKO-
4acTOTHY 00J1aCTh, 32 SIKY BianoBinae came nudepenuiowya yactuia peryiasropa. Ile gano 3mory 3ocepe-
JUTH OCHOBHY YBary JOCJiZkeHb HA MPaKTH4HIN peanizanii qudepenuirorouoi yactnan uugposoro ITII-pe-
ryjsitopa. Ilokazano, mo Tpaguuiinmii cnocid BUKOHAHHA onepauii qudepeHUilOBaHHS MPOCTUM METOI0M
CKiHYEHMX Pi3HHIb MA€ HU3KY HEMOMIKIB, AKi podJasTh i{0ro NPaKTHYHO HeNpane3AATHAM, 110 W MpoLIKCT-
PpoBaHO BignoBigHNMH rpadgikamMu.

Jast ycyHenHsi HenoqikiB TpaauuiiiHoi onepauii nudepeHilOBAaHHS METOIOM CKiHYEHWX Pi3HUUb
3aNPONOHOBAHO IBA BapiaHTH CTPYKTYPHHX CXeM peaabHOro qugepenuiatopa. [lepumii Bapiant peansHoro
nudepeHIiaTopa MPONOHOBAHO OYIyBATH 32 CTPYKTYPHOIO CXEMOI0 3 iHTErpaTopoM y 3BOPOTHOMY 3B'SI3KYy.
Jpyruii BapianT peanbHoOro au¢epeHuiaTopa 3anpornoHOBaHO 3AilICHHTH 32 CTPYKTYPHOIO CXeMOI0 3 mapa-
JIEJIGHUM 3’ €IHAHHSM TIPONOPUiHOro 0JI0KA Ta JIAHKH MEPLIOro mopsiaky. /Ijisi BHKOHAHHS AMCKPeTU3amii
3aNPONOHOBAHEe 3aCTOCYBAHHSI 3 YMOB (pi3M4HOI peasizanii IBHMX 4YHMCJIOBUX iHTerparopiB Anamca Bix
MEPIIOro A0 YeTBepToro mopsaakis. s Bka3aHMX CTPYKTYPHHX cXeM NPOBEAEHO TOCTIIKeHHS SIK IXHiX
YACTOTHHMX XaPAKTEPUCTHUK, TAK i IX MOBeAiHKM HA 3allyMJICHOMY CUTHAJI.

VYci gocnimkeHHs] B CTATTI NMPOBeIEHO 3 BUKOpUcTaHHsAM Gidmiorexkn Control Sysem Toolbox
MateMaTHIHOro 3acTocynky MATLAB. Iloka3ano, [0 BUKOPHCTAHHSI POIIOHOBAHUX CIOCO0IB PeabHOTO
an¢epeHiIOBaHHS Ja€ 3MOI'y IIPOCTOI Ta mpaue3gaTHol peanizauii nupposux III/I-perynrsaropis.

Kniouosi cnosa. ougpepenuitosanns, 3asadu, cucmemu peanvnozo uacy, uugposui IlJ/[-pecynamop,
uupposi cucmemu KepysanHs, Huci06e iHmezpyBanHs, YUci108i Memoou.

45



