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Purpose. Development of a synthesis method for automatic control systems with the desired dynamic properties
that are specified by quantized transition functions of finite duration.

Methodology. The theory of transition functions of finite duration is used to set the desired dynamic properties of
automatic control systems in discrete time intervals. The modified structural block-diagram symmetry principle pro-
vides the formation of accessible desired dynamic characteristics of a closed-loop system with a limited gain factor.

Findings. The method for automatic control system synthesis on the base of discrete time equalizer was developed
on condition of full compensation of dynamic properties of the control object and with their partial compensation due
to use of modification blocks of reverse structural block-diagram transformation.

Originality. The first proposed mathematical apparatus allows the use of discrete time equalizer as a discrete regu-
lator in automatic control systems. The research on automatic control system synthesis on the base of discrete time
equalizer revealed that modified principle of structural block-diagram symmetry should be used for providing the real

dynamics of automatic control systems.

Practical value. The results of the research can be used for building the control algorithms for technical objects
with their further program implementation in the microcontroller or microprocessor control system.
Keywords: discrete time equalizer, quantized transition function, transition function of finite duration, modified prin-

ciple of symmetry

Introduction. The study [1] proposes to represent the
desired transition function of automatic control system
as a set of quantized values of the controlled coordi-
nates. The mathematical apparatus developed in [1] can
perform an analytical determination of operator images
for desired quantized transition functions of finite dura-
tion [2], relying only on the values of signal levels at
quantization points and a quantization period value. In
this approach, the synthesis of automatic control sys-
tems is performed without using the standard character-
istic polynomials [3].

Thus, avoiding the use of standard characteristic
polynomials in the synthesis of automated control sys-
tems requires their replacement by other fundamental
principles that allow for taking into account the dynam-
ic features of the real technical objects according to the
current technological standards of exploitation [4].

The basic fundamental principles that provide syn-
thesis of automatic control systems without using the
theory of standard polynomials:

1. The control object should be reduced to one trans-
fer function or, if it is possible, structurally represented
as one of the standard forms (the first canonical form of
control is the best for this task).

2. The inverse transformation from control object
should be performed. The transformation result will be
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some transfer function or structural block-diagram of an
inverse reference (mirrored) model [5]. If the object in-
volves integrators, then their compensation is impracti-
cal because presence of integrators increases the astatic
order of system.

3. For the practical realization of the structural
block-diagram symmetry principle the modification in-
verse transformation unit should be introduced into the
direct branch of a closed-loop system. This unit is an
integrating link. Thus, the closed-loop system that con-
sists of control object, mirrored model and modification
block will have real and predictable dynamics.

4. On the base of discrete regulator advantages, the
desired dynamic of automatic control systems should be
specified in the form of a quantized transition function.

5. It is necessary to synthesize a discrete regulator
that will provide the technical implementation of the
desired quantized transition function.

The study [6] introduces the analogy between setting
levels of desired transition function in quantization mo-
ments and functioning of frequency equalizer — a device
that has a hardware or software implementation and
could be widely used for sound signal processing.

In both cases, the level of signal amplification is in-
stalled on some local band, but traditional sound equal-
izer operates in the frequency domain, while setting the
levels of desired transition function are realized in the
time domain.
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Whereas the term “equalizer” commonly means a
frequency equalizer, the regulator, which provides the
ability to customize the system on the desired quantized
transitional functions, was offered to call a discrete time
equalizer [6].

In this case, of course, discrete time equalizer is not
a hardware component but is a specific program for a
microprocessor or microcontroller control system.

Objectives of the article. The synthesis of automatic
control systems with discrete time equalizer requires the
use of the inverse dynamics problem concept [7] and the
principle of structural block-diagrams symmetry with
taking into consideration its possible modifications [8].

Let us put the problem of developing the method of
closed-loop automatic control system synthesis on the
base of discrete time equalizer.

In doing so, the synthesis of discrete time equalizer
should be considered for a full compensation of the dy-
namic object properties and in the case of real (partial)
compensation, particularly with using the modified
symmetry principle.

Presentation of the main research and explanation of
scientific results. In most cases, control object is an ana-
logue, so the systems that include the discrete time
equalizer in their structure will be digital-analog. To
perform a digital-to-analog conversion in such systems,
it is necessary to apply a zero-order holder [9] with
transfer function [10]

W/zah(p):%:%’ (M

where p is the Laplace operator; z is the operator of discrete
transformation; 7j, is quantization (sampling) period.

The input signal x;,,(f) and the adjustment factors for
the discrete time equalizer in the proposed system may
be programmed.

When performing the synthesis, the object and its
inverse reference model could be described in combina-
tion by transfer function W,(z). A zero-order holder (1)
is installed between the discrete time equalizer and
transfer function W(z).

With full compensation of dynamic properties of the
control object using the inverse model, the transfer
function W,(z) is equal to unity

Wiz =1.

Then the closed-loop system with the discrete time
equalizer transfer function W,(z) will have the following
expression
W (2)W,(2) Wa(2)
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where kj, is the feedback factor; W, (z) is the transfer
function of the discrete time equalizer.

The quantized desired form of the transition func-
tion is the basis for the implementation of the discrete
time equalizer synthesis. According to the research car-
ried out in [1], the discrete time equalizer should be
tuned to the discrete transition function of finite dura-
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tion that is theoretically possible on condition of bring-
ing the characteristic equation to the form of z”. The
desired transfer function of the system in this approach
will have the following form

a7 a2+ az+a, 5
- Zk s ( )

Wal2)

where k is the order of characteristic equation (should fit
or be greater than the order of the characteristic equa-
tion of control object); ay, a;,_,, a;_», ..., a,, a, are fac-
tors that characterize the transition function level in-
crease at each step of quantization.

The transition function that will theoretically be pro-
vided in a system with transfer function Wy(z) is shown
in Fig. 1 (r=iT, — quantization time).

The number of levels ¢; of transition function A(iT;)
(Fig. 1) is determined by the order of the characteristic
equation of desired transfer function by the following
formulas [1]

¢ =

-

a; wheni<k,

! ) (3)

a, wheni> k.

J

¢ =

-
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Herewith, the values of the transition function at the
levels will be as follows: ¢y =a;; ¢y =a, +a,_; ¢, = a, +

K k
L R R O e Zai, Cr :Zai' Thus, each level
i=1 i=0

of this function is the sum of the factors a;, beginning from
the factor a, at the highest degree of the desired polyno-
mial numerator and ending with factor a,. The steady-

k
state value is the sum of all numerator factors Za,..
i=0
The transfer function of the discrete time equalizer
W,,(z) is obtained after performing the equation W,(z) =

=Wi2)

k k-1 k=2
( ):akz +a, 7 +a A
eq

(1—kﬂ,ak)zk —kpa, 72— @

—+az+a,

= —kya, )27 — .~k yaz—k a

The numerator of the received transfer function W,,(z)
completely coincides with the numerator of the desired
transfer function W,(z) provided full compensation of
control object dynamic properties. As for the denomina-
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Fig. 1. The transition function of finite duration

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2017, N2 4



IHOOPMALIWHI TEXHONOTII, CUCTEMHUN AHANI3 TA KEPYBAHHSA

tor of the transfer function W,(z), it is a polynomial of
degree k, and the factor at z“ is defined as (1 — kpay).

If the numerator order of the desired transfer func-
tion is less than the denominator order, then the relevant
factors in the expression (4) will be equal to zero.

In [6] it was found that in closed-loop systems only
the use of the modified symmetry principle is of practical
importance. The modification block is implemented in
the real system. Such an approach gives real dynamics of
the closed-loop system instead of the ideal compensation
of control object dynamics. Let us perform the discrete
time equalizer synthesis for the case of using the modified
principle of symmetry with the control object. The func-
tional diagram of the closed-loop system on the base of
discrete time equalizer using of the modified structural
block-diagram principle includes a block for modifica-
tion the inverse transformation in its structure (Fig. 2).

The control object represented on this functional
diagram (Fig. 2) receives a control signal u(7) and is ex-
posed by several disturbances fi(,), f5(7), ..., f,(f). The
feedback sensor for the output coordinate performs the
measurement of the coordinate y(7) and turns it into the
feedback signal x;(7).

When using of the modified structural block-dia-
gram symmetry principle, the continuous part of the
system consists of the object, its inverse reference model
and block for modification of the inverse transformation
with the transfer function W,,.4(p) = 1/p (Fig. 3). The
non-linearity “saturation” can be installed after the
block for modification of the inverse transformation to
limit the amplitude of control action.

The functioning coordination of the discrete time
equalizer with analogue part of the system is performed by
using a zero-order holder with the transfer function (1).

All continuous part of the system and zero-order
holder, that is “installed” between the discrete time
equalizer and continuous part, can be represented as re-

The program for
assignment an input
signal and setting the
factors of equalizer

— ltuning factors

| N SR

T, equalizer T

¢
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model of control
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=
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=
=

Feedback sensor for the
output coordinate

Fig. 2. The functional diagram of the closed-loop system
with a discrete time equalizer and a block for modifi-
cation of the inverse transformation
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Fig. 3. The structural block-diagram of the closed-loop
system with a discrete time equalizer and a block for
modification of the inverse transformation

duced transfer function W,(z). In carrying out Z-trans-
formation, the following expression can be obtained

(&)= 2l =2

The formula (5) provides for integration by rectan-
gles, as this would not conflict with the representation of
desired transition functions of finite duration, which is
also formed by rectangular pulses (Fig. 1). If the input
lattice function of the discrete integrator mark the x(n)
and as the output — y(n), then the difference equation of
integration by the rectangle method will have the fol-
lowing form

ym)=y(n-1)+ Tix(n-1),

where y(n) is the value of the output coordinate at the
current quantization moment #; y(n — 1) is the value of
the output coordinate at the previous quantization mo-
ment (7 — 1); x(n— 1) is the value of the input coordinate
at the previous quantization moment (n — 1).

The numerical integration method of rectangles is il-
lustrated in Fig. 4.

The transfer function of the closed-loop system in
discrete form W,(z) in accordance with Fig. 3 will have
the following form

W,z
Wy(2)=— (2 (6)
2T, (2)ky -1
The desired transfer function of the digital-to-ana-
log system can be reduced to discrete form (2). The
transfer function of the discrete time equalizer can be
obtained by equating the transfer function of the closed-
loop system (6) with the desired transfer function
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Fig. 4. The numerical integration method of rectangles
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The condition of physical implementation of the
regulator requires that the order of the numerator of its
transfer function should not exceed the denominator or-
der. Thus, the resulting expression for W, (z) cannot be
physically realized, so the order of the numerator W,,(z)
should be decreased by one. Then the factor a; should
be equal to zero. The desired transition function in this
case will be late for one quantization period (Fig. 5).

The transfer function of the discrete time equalizer,
that can be physically realized, will have the following
form

k-1
k i
@2 +§:(ai—l_ai)z )
_ i1

Wi (2) =
Tyt ~Toky > a2
i=0

eq

(7

Thus, the transfer function (7) can be used to deter-
mine the parameters of the regulator (discrete time
equalizer), which can provide the desired dynamic
properties of the automatic control system, given in the
form of quantized transition function.

When the control object has the order of aperiodic
neutrality v, > 0, it is inappropriate to make compensa-
tion of its integrative component.

The functional diagram of the closed-loop system on
the base of the discrete time equalizer with the presence
of the control object with the first order of aperiodic
neutrality is shown in Fig. 6.

The reduced transfer function that is necessary for
the synthesis of the discrete time equalizer will have the

following form
Winoa (P 1 T}
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Fig. 5. The transition function of finite duration with a
delay of one quantization period
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Fig. 6. The structural block-diagram of the closed-loop
system with the discrete time equalizer and the first
order of control object aperiodic neutrality
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The transfer function of the closed-loop system in
discrete form W_(z) in accordance with Fig. 6 will have
the following form

w T}
I/Vcl(z): 2 eq(Z) . : ®)
(2=1) + Wy () T3k

Equating the transfer function of the closed-loop
system (8) with the desired transfer function (2) gives
the transfer function of the discrete time equalizer
@27 +(a, =24, )+ >

(T3 Tk pa, )2 ——

W, (Z):

- +(ak_2 —2a, +a, )z"+ -

2 k-1
—>-15kya, 27— >
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—>+(a, 320, ,+4, )T+ 4>

2 k=2
> Tk pa, 2" ——

—+(ay, 24, +a,) 2% +(a, - 2a,)z+a,

2 2
> —..—TI5kpaiz—T5k 0,

For the condition of physical implementation of the
regulator in the expression W, (z) coeflicients a, = 0 and
a, _; = 0 should be accepted. In this case, the desired
transition function will have a delay of two quantization
periods (Fig. 7).

The expression for the transfer function of the dis-
crete time equalizer for the first order of aperiodic neu-
trality in the control object will be the following

W (Z>:L. a,_,7* +(ak_3 _fik‘z )Azk1+_)
<! —kp za,-z'
i=0

- +Z(ai72 -2a, +a,.)z" +(a1 —2a0)z +a,
in

&)

The transfer function (9) describes the discrete time
equalizer, which takes into account the presence of the
control object with the first order of aperiodic neutrality.
It does not provide any compensatory influence on the
integrative component of the control object.

By doing similar calculations, the transfer function
for discrete time equalizer at control object with arbi-
trary aperiodic neutrality can be obtained
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Fig. 7. The transition function of finite duration with a
delay of two quantization periods

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2017, N2 4



IHOOPMALIWHI TEXHONOTII, CUCTEMHUN AHANI3 TA KEPYBAHHSA

1 (z- 1)" (akz" +a, 7>

W (7)=—.
etl(z) Ton zk_kﬂ]<akzk+akilzk—l+_)

(10)
—>+a, 7+ taz+ ao)

—>+a, 7"+ taz +a0)

Let us calculate the order of polynomials of the nu-
merator and denominator in the expression (10). The
order of the numerator will be the value of (n + k), and
the denominator —k. For the condition of physical im-
plementation of the regulator it is necessary that the first
n coefficients of the numerator in expression (10) should
be equal to zero, that is

Q=1 =0 _y=...=Q_, 1 =0.

The delay of the desired transient function in this case
will be 7 cycles in accordance with the equations (3).

Thus, formula (10) allows synthesizing the discrete
time equalizer using a modified principle of symmetry
of structural schemes in any order of aperiodic neutral-
ity of the control object v,,.

Conclusions:

1. The idea of partitioning the desired transient func-
tion into separate parts should be solved in the applica-
tion not to analog systems with continuous signals, but
to discrete systems processing signals in the form of se-
quences of pulses or digital codes.

2. The analytical synthesis of regulators by the quan-
tized form of the desired transitive function requires the
determination of the inverse transformation from the
transfer function of the control object that is finding the
solution of the inverse dynamics problem from the posi-
tion of control theory, which leads to the formulation of
the principle of structural scheme symmetry [1].

3. The method of automatic control system synthesis
allows finding the transfer function of the discrete time
equalizer that provides the required dynamic properties
of the system, based on the desired transition functions
of finite duration.

4. On the basis of the studies the basic mathematical
principles for automatic control system synthesis are de-
scribed based on the discrete time equalizer on condition
of full compensation of dynamic properties of the control
object and partial compensation — with using the modi-
fied principle of structural block-diagram symmetry.

5. The transition function of finite duration and the
transfer function of the discrete time equalizer can be
interpreted quite simply into the program code to per-
form the technical implementation by a microprocessor
or microcontroller.
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Meta. Po3pobka MeToy CMHTE3y CUCTEM aBTOMa-
TUYHOTO KepyBaHHS 3 Oa)KaHUMU TMHAMIYHUMM BJIac-
THBOCTSIMH, IO 3aJaI0THCS 3a JTOTIOMOTOIO0 KBaHTOBA-
HUX TIepeXifHUX (PYHKIIN KiHLIeBOI TPUBAIOCTI.

Mertomuka. Teopis mepexinHuX (PyHKIIIH KiHILIEBOI
TPUBAJIOCTI BUKOPUCTOBYETHCS TSI 3aBIAHHS OasKaHUX
IUHAMiYHUX BJIACTUBOCTEN CHCTEM AaBTOMAaTUYHOTO
KepyBaHHSI Ha JUCKPETHUX YacOBUX iHTepBasax. Mo-
IUdiKoBaHUN MPUHLMIT CUMETPil CTPYKTYPHUX CXeM
3a0e3rnevuye (popMyBaHHSI JOCSKHUX OakaHMX AMHA-
MiYHUX XapaKTepHCTUK 3aMKHEHOI CHUCTEMM 3a 0OMe-
>KEHOTO 3HaYeHHS KoedillieHTa MiACUIeHHS.

Pesyabratu. Po3pobiieHO MeTod CUHTE3y CUCTEM
ABTOMATMYHOTO KepyBaHHS Ha 0a3i TMCKPETHOTO Ya-
COBOTrO €KBajaiidepa 3a yMOBHM MOBHOI KOMIEHcalil
ITWHAMIYHUX BJIACTUBOCTEH 00’ €KTa KEpyBaHHS Ta TP
YACTKOBIM 1X KOMIIEHCALlil 3a paXxyHOK BUKOPUCTaHHSI
00KiB Moaucikallii 3BOPOTHOTO IEPETBOPEHHS
CTPYKTYPHHUX CXEM.

HaykoBa HoBH3HA. 3alpONOHOBAHUIA yrepiie Ma-
TEeMaTUYHUI amapaT 103BOJISIE BUKOPUCTOBYBATHU IMC-
KPETHUI 4acCOBUII eKBajai3ep B SIKOCTI JUCKPETHOTO
peryyisitopa B CHUCTeMaX aBTOMATUYHOIO KepyBaHHSI.
HocninxeHHs 0COOIMBOCTEN CUHTE3Y CUCTEM aBTOMa-
TUYHOTO KepyBaHHS Ha 0a3i DMCKPETHOTO YacOBOTO
eKBajiaiizepa JO3BOJMIN BCTAHOBUTH, IO IJIST 3a0e3-
TIEUYCHHSI pealbHOI TMHAMIKM IIUX CUCTEM CJIiIl BUKO-

103




IHOOPMALINHI TEXHONOTII, CACTEMHUA AHANI3 TA KEPYBAHHA

PUCTOBYBAaTU MOAM(DIKOBAHUKN MPUHLUII CUMETpil
CTPYKTYPHUX CXEM.

IIpakTnyna 3HaumMmicTb. PesynbTaT mocCigXkeHb
MOXYTb OYTU 3aCTOCOBAHI 151 TTOOYAyBaHHS aJITOPUT-
MiB KepyBaHHS TeXHIYHMMU 00’€KTaMU 3 TOJAJIbIIOI0
iX MpOrpaMHOI0 peaizalielo B MiKpOIpoLeCOopHiii adbo
MiKpPOKOHTPOJIEPHill CUCTEMi KepyBaHHSI.

KmouoBi cnoBa: duckpemuuii uacosuil exeanaiizep,
K8aHmMoeaua nepexiona hyHkuyis, nepexiona yHkuis Kin-
uesoi mpusanocmi, MOOUDIKOSAHUL NPUHUUN CUMempIT

Iean. PazpaboTka MeToAa CUHTE3a CUCTEM aBTOMA-
THYECKOTO YIIPABJICHUS C XKeJTaeMbIMI TMHAMMICCKH -
MH CBOWCTBAaMM, KOTOpBIC 3adalOTCsS C ITOMOIIBIO
KBaHTOBAaHHBIX IEPEXOIHBIX (DYHKIIMIT KOHEUHOM ITPO-
JMOJDKUTETbHOCTH.

Metomuka. Teopust nepexoaHbIX (PYHKIIMI KOHEeU-
HOH JUTUTEIbHOCTHY UCIIOb3YETCs /IS 3a1aHusI XKesae-
MbIX TUHAMMYECKUX CBOMCTB CHUCTEM aBTOMAaTUYECKO-
ro ympaBJIeHUs] Ha TUCKPETHBIX BPEMEHHBIX MHTEpBa-
Jax. MoauduUUMpoBaHHbIM MOPUHLUII CUMMETPUU
CTPYKTYPHBIX cxeM obecrneurBaeT (popMupoBaHue 10-
CTIKAMBIX 3KeJTaeMbIX JUHAMUYCCKUX XapaKTepPUCTUK
3aMKHYTOI CHCTEMBI TP OTPAaHMYCHHOM 3HAYCHUU
K03 duliMeHTa yCUICHUSI.

Pe3yabraTbl. PazpaboTaH MeTOm CUHTE3a CUCTEM
ABTOMATMYECKOTO YIPaBICHUS Ha 0a3e TUCKPETHOIO
BPEMEHHOI'O 3KBaJlaii3epa MpU MOJHOM KOMIIEHCALUU

UDC 658.51.012

O. M. Pihnastyi, Dr. Sc. (Tech.), Assoc. Prof.

IUHAMWIECKIX CBOMCTB OOBEKTA YIIPABICHUS W IIPHU
YAaCTUYHOM MX KOMIICHCAIIMH 3a CUET MCITOJIb30BaHMS
0JIOKOB MOIMMUKALIMU OO0pPaTHOIO IPeoOpa30OBaHMS
CTPYKTYPHBIX CXEM.

Hayunas noBusHa. [1peaiokeHHBIN BlIepBbIe MaTe-
MaTUYeCKMii armapar IMO3BOJISIET MCIOJAb30BaTh MHC-
KpETHBIIf BpeMEHHOM 2KBaializep B KaUeCTBE TUCKPET-
HOTO PETyJIsATOpa B CHCTEMaX aBTOMATUYEeCKOTO YIIpaB-
neHus. MccenoBaHusI 0COOCHHOCTEM CUHTE3a CUCTEM
ABTOMATHYECKOTO YIIPaBICHUS Ha 0a3e OUCKPETHOTO
BpPEMEHHOTO 3KBaJlaii3epa MO3BOJIUIN YCTAHOBUTh, UYTO
IJIsT 00eCTICUeHUSI pealbHOM TUHAMUKK 3THUX CHCTEM
cJIemyeT MCIIOIb30BaTh MOOM(PUIIMPOBAHHEBINA TTPUH-
LIUTT CUMMETPHUHU CTPYKTYPHBIX CXEM.

IIpakTuyeckasi 3HaYMMOCTb. Pe3ynbTarhl MCCIEN0-
BaHUI MOTYT OBITh MCIOJIB30BaHBI IS ITOCTPOCHMS
aJITOPUTMOB YIIPABJICHUST TEXHUYECKUMU OOBEKTaMU C
MOCJIEAYIONIENW UX MPOrPAaMMHONM peau3aleid B MU-
KPOTPOLECCOPHOM UM MUKPOKOHTPOJJIEPHOM CUCTE-
Me YIIpaBJICHUS.
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ANALYTICAL METHODS FOR DESIGNING TECHNOLOGICAL
TRAJECTORIES OF THE OBJECT OF LABOUR
IN A PHASE SPACE OF STATES
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AHAJIITHYHI METOAH ITPOEKTYBAHHS TEXHOJOTTYHUX
TPAEKTOPIN ITPEAMETIB ITPAILIT Y ®A30OBOMY ITPOCTOPI CTAHIB

Purpose. The development of analytical methods for designing technological motion trajectories of objects of la-
bour in the state space with the purpose of construction of closed PDE-models, used to describe the manufacturing
system.

Methodology. For derivation of an equation of the labour object movement in the phase space of states, there has
been applied a mathematical tool and the variational calculation methods of analytical mechanics.

Findings. An equation of labour object movement in the state of space has been derived and motion integrals, re-
lated to the uniformity of time and state space have been considered.

Originality. PDE-models of manufacturing systems, used for the engineering of the high performance manufac-
turing control systems have been improved. The offered model of technological resources transfer to the object of
labour is based not on the traditional phenomenological description of the static production phenomena, but on
conservation laws, which characterize the transfer process of technological resources to the object of labour and
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