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COMBINED CONTROL SYSTEM ON THE BASIS
OF TWO DISCRETE TIME EQUALIZERS

Purpose. Development of a method for constructing the structure of the combined management with compensation of para-
metric and coordinate perturbations on the basis of two discrete time equalizers and experimental evaluation of the effectiveness
of additional compensating equalizer.

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 schemes symmetry principle provides the formation of desired
dynamic characteristics of closed-loop system with limited gain factor.

Findings. A method of designing a combined control structure with compensation of parametric and coordinate perturbations
based on two discrete time equalizers is developed and experimentally tested. The method is one of the components of the meth-
odology of the synthesis of automatic control systems, and provides the setting of the desired dynamic properties for the output
coordinate in the graphical form or in the form of points set of the desired transient function.

Originality. The technique of designing the structure of the combined control system based on two discrete time equalizers
(basic and compensating) was developed for the first time. The technique differs from the known (with only one discrete time
equalizer) by the introduction of a parallel correction branch with a discrete time equalizer, configured to fully compensate for the
dynamic properties of the control object. This makes it possible to reduce the sensitivity of the system to coordinate and paramet-
ric perturbations.

Practical value. The research results can be used for designing control algorithms for technical objects with their subsequent
implementation program in the microcontroller or microprocessor control system.

Keywords: discrete time equalizer, synthesis, quantized transition function, transition function of finite duration, modified principle

of symmetry

Introduction. In the implementation of automated electro-
mechanical systems synthesis in most cases, methods are ap-
plied that cannot fully use the capabilities of modern computer
technology and are based on the concept of a standard charac-
teristic polynomial. The designer should choose the desired
characteristic polynomial from a previously known list, based
on some technical recommendations, nomograms, and in-
structions.

Wide proliferation and application into industrial produc-
tion of computer and microcontroller technology and minimi-
zation of human factor influence are among the most signifi-
cant trends in the development of modern production pro-
cesses. Against this background, there is a relevant program
assignment of the desired dynamic properties of a technical
object, in which all computational work is carried out using
modern computer technology without utilization of standard
characteristic polynomials.

Based on the performed critical analysis of the methods of
automated electromechanical systems synthesis, the necessity
of developing a system of methods which would use quantized
desired transition functions as requirements to the static and
dynamic properties of the system was substantiated.

A mathematical apparatus is developed that allows the use of
quantized desired transition function as a basis for automatic
control systems synthesis without using of traditional approach-
es: the standard characteristic polynomials or Bode plots.

The discrete regulator, which provides the ability to tune
up desired transition functions of finite duration on quantized,
is called a discrete time equalizer.

Literature review. The studies [1] give the basic fundamen-
tal principles that allow synthesis of automatic control systems
without using the standard characteristic polynomials [2].
These approaches allow synthesis of regulators based solely on
the technical features of real objects and technological stan-
dards of their operation.
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When implementing the synthesis of automatic control
systems with discrete time equalizers, the levels of the desired
transient function are given at the moments of quantization
|3]. Thus, the desired transition function is divided into a
number of parts or ranges. It is possible to draw an analogy
with the operation of such a device as an equalizer, which sets
the local level of amplification on the local frequency bands
[4]. However, a discrete time equalizer, unlike a traditional
equalizer does not work in the frequency range, and in the
time.

In the simplest case, the automatic control system synthe-
sized by the method of the discrete time equalizer contains the
following elements: a program for setting an input signal and
coefficients of the discrete time equalizer; the discrete time
equalizer; a digital-to-analog converter or zero-order holder
(ZOH) [5]; an inverse reference model of a controlled object;
a controlled object receiving an input signal and having some
perturbations; feedback sensor for output coordinate.

In [3] it was established that the application of one discrete
time equalizer in an automatic control system allows imple-
mentation of the control principle over deviations, while en-
suring the achievement of desired quantized transition func-
tions. The system synthesized this way is astatic, but it has no
opportunity to influence the proportional component.

It is known that the increase in the transmission coeffi-
cient is the most universal and effective method for increasing
the dynamic accuracy and reducing the sensitivity of automat-
ic control systems to parametric and coordinate disturbances.

Automatic control systems with one discrete time equaliz-
er installed in the main transmission channel do not have the
ability to influence on the proportional component and, con-
sequently, cannot increase the transmission coefficient of the
control system.

Purpose. Let us set up the task of developing a technique
for constructing a structure of a combined control system with
two discrete time equalizers (main and compensating), which
provides compensation for parametric and coordinate distur-
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Fig. 1. Functional scheme of combined automatic control system on the basis of two discrete time equalizers

bances. In this case, the compensating discrete time equalizer,
installed in the parallel branch, must be tuned to the full (ide-
al) compensation of the control object dynamic properties.

Methods. The research is based on the methods of analysis
and synthesis of discrete systems of automatic control. Meth-
ods for solving inverse dynamics problems are used to deter-
mine inverse models of control objects in automated electro-
mechanical systems.

Results. In order to influence the proportional component
of the system, combined control can be applied, in which one
of the discrete time equalizers works in a closed-loop and im-
plements the control principle over deviations (the main con-
trol channel), and the other acts as a reference model that
forms an additional control signal in open loop. In this case,
the signal at the output of such reference model is scaled with
some coefficient of proportionality.

The discrete time equalizer synthesized with full compen-
sation of the dynamic properties of the controlled object can
be used as a reference model that takes an error between the
reference and the feedback signal as an input signal (Fig. 1).
Designation of signals in Fig. 1: e|(f) — error between the input
signal and feedback signal; y'(f) — output coordinate of the
reference model; e,(f) — error between the output coordinate
of the reference model and the output coordinate of the auto-
matic control system; u,(#) — control signal formed in the main
channel; u,(f) — control signal that is formed by reference
model; u(f) — control signal fed to the input object.

The quantization period of the main discrete time equal-
izer T,; may vary from the quantization period of the compen-
sating discrete time equalizer 7;,. For practical reasons it is
advisable to choose Ty, < Tj,. Since the output signal from the
main discrete time equalizer goes to the block of modification
of a reverse transformation, which is the integrating element,
its step nature is replaced by piecewise monotonic character
(straight lines).

The signal from the output of the compensating discrete
time equalizer is not smoothed and retains its stepped charac-
ter. If quantization periods of equalizers are commensurable
with the time constant of control object, it can be chosen Tj, =
= T. When the quantization time 7y, is several times larger
than the largest time constant of controlled object, the choice
To, = Tp, can cause some local disturbance of the output coor-
dinate, which form additional transients on the steps of the
signal given by compensating discrete time equalizer (Fig. 2).

Since both the main and the compensating equalizers are
tuned to the same desired transition function, the resampling
of quantized form of transition function is necessary for mini-
mizing T,. In order to simplify the technical implementation
of this approach, it is advisable to choose

Too=To/m, m=2,3,4,5,...

The structural scheme of combined automatic control sys-
tem on the basis of two discrete time equalizers is shown in
Fig. 3. Designation in Fig. 3: W,,,(z) — transfer function of the
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main discrete time equalizer; W, ,(z) —transfer function of the
compensating discrete time equalizer; W,,,(p) — transfer func-
tion of the controlled object inverse model; W,,(p) — transfer
function of the controlled object; W,,,4(p) — transfer function
of the block for modification of the inverse transformation;
k4, — the coefficient of proportionality; kj — transfer ratio of
the feedback sensor for the output coordinate;

w ( p) = (1 —e Tur ) / p — transfer function of the zero order

ext1

holder in the main control channel; W,,,, ( 17) = (1 —e~Tn? ) / D —
transfer function of the zero order holder in the channel with
the reference model.

In the combined control with the compensating discrete
time equalizer a reference signal y’ appears with the following
image

Y'(2) = Wep(2) Eq(2),

which would be on the output of control object with perfect
compensation of its dynamic properties both in static and dy-
namic modes. An error between the signal y' and real output
signal y of the controlled object defined as follows

e=y -y (D)

The control signal u; is formed in the main channel; it
comes from the block for modification of the inverse transfor-
mation and enters the corresponding summator. Also, the in-
put signal u, = k,,e, of this summator is formed by means of the
compensating discrete time equalizer. Then, on the basis of
the formula (1), signal u, that enters on the input of the con-

trolled object is
U=u+u,=u;+k,(y -y).

2

When the error e, = 0, the control is carried out using the
main discrete time equalizer in the same way as in [1, 3]. In

h(iTo)
additional transients

Fig. 2. Additional transients
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Fig. 3. Structural scheme of the combined of automatic control
system on the basis of two discrete time equalizer
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dynamic operating modes, when e, # 0, there is a combination
control, at which on the input of the controlled object, in ad-
dition to the signal u,, signal u, comes. This signal is formed by
the compensating discrete time equalizer, which in this case
works as a reference model of the object.

Let us determine how the coefficient &, affects the overall
transmission ratio of the system. It is reasonable to assume that
the controlled object has a transmission coefficient k,,; and the
inverse model of the controlled object — 1/k,;. Then, based on
Fig. 4, through the implementation of structural transforma-
tions, the following relations for the general transfer coefficient
of the system can be obtained

! s ky=l+k,k,; k= ! .
k k .kﬂ,+k k., +1 1+kfb

av'obj >
av'obj av'obj

k =

Thus, the total transmission ratio of the system does not
change with the implementation of the combined control k =
= 1/(1 + kg). The value k,, in a real system can be selected by
experimentation, starting from null with a certain step. The
additional transient processes with oscillating nature may oc-
cur in dynamic modes for large values of k,, (for example,
when the load is on or off).

The synthesis of the compensating discrete time equalizer
is performed on the basis of the full compensation of the object
dynamics by inverse model [6]. The discrete time equalizer
must perform the system setup on a discrete transition func-
tion of finite duration, which is theoretically possible provided
that the characteristic equation is reduced to the form z”. Then
the desired transfer function of the analogue system, which is
digitized to a discrete, will be as follows (the numerator order
may be less or equal to the order of the denominator)

k k-1
a.z" ta, % +...taZ+a,
Wdex (Z) = Zk > (3)

where k is the order of the characteristic equation (must match
or be greater than the order of the characteristic equation of
the controlled object); ay, a,_ 1, ax_», ..., a1, a, are the factors
that characterize the transition function on increasing levels at
each step of the quantization.

The number of levels of the transition function is deter-
mined by order of the characteristic equation of the desired
transfer function using the formulas (4) 3]

k
¢ =Y a; wheni<k

L : )
¢, = a, wheni>k

o, ru.| T T T T T T

45 t,sec.
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Fig. 4. Transition function for the speed in relative units and
corresponding absolute value of the dynamic error (only
one discrete time equalizer)

The values of the transitive function at the levels will be as
follows

Co=0a;; ¢ =a,+ta,
k k

G = ck:Zéa,.
p

i=1

C=a,+a_ +a,_y;

Thus, each level of this function is the sum of the coeffi-
cients a;, starting with the coefficient g, at the highest degree of
z in the numerator of the desired polynomial and ending with
the coefficient g,. The steady-state value is the sum of all nu-

k
merator coefficients » ;. The mathematical expression for
i=0

the discrete time equalizer is the following

a* +a_ '+ —

I/Veq(z):(

k-2
—>+a, 7+ +az+a,

k k—
1=kpa, )2t —kya, 2=

®)

=~k 12—~k ez —kya,

The main discrete time equalizer is synthesized according
to the formulas given in [3], depending on the order of the ape-
riodic neutrality of the control object.

For experimental research on automated electromechani-
cal systems with discrete time equalizers, a laboratory-test
bench was created, consisting of the following elements: the
direct current (DC) drive motor KPA-561-U2; the generator
DPM 290/3.8/30; the consumers of electric energy for creat-
ing a load; ammeter; transformer; rectifier; smoothing filter;
rheostat; power converter with signal microcontroller; feed-
back sensor; external module for performing analog-digital
conversion; a laptop with the necessary software.

Because of the complexity of the speed controlling algo-
rithm of the DC motor on the basis of the discrete time equal-
izer, the test bench uses the board F28335 with the microcon-
troller TMS320F28335 [7] manufactured by Texas Instru-
ments. The project environment for programming microcon-
troller TMS320F28335 is Code Composer Studio [8], which
implements the main and the compensating discrete time
equalizers.

The software code for the laboratory test bench system is
written in the high-level C** programming language using ob-
ject-oriented approaches, so it is hardware independent of the
microprocessor type and can easily be transferred to another
hardware base [9].

At the laboratory test bench, three series of nine experi-
ments were carried out. In all experiments, quantized desired
transition functions were worked out with a slight dynamic er-
ror, which occurred during start-up under the load, with a re-
set of the load and reloading.

As a result, it was found that the dynamic error in the pro-
cess of the motor starting under the load action, which illus-
trates the maximum deviation of the experimentally received
transition function from the desired transition function,
reaches values from 5 to 14.5 % when using only the main
control channel with one discrete time equalizer. The appli-
cation of the combined control with two discrete time equal-
izers allowed reducing the dynamic error to values from 1.8 to
8.1 %.

As an example, in Fig. 5 the results of one of the experi-
ments are shown. Dependencies of an absolute value of the
dynamic error and the speed (in relative units) were obtained
in the combined control system with two discrete time equal-
izers (main and compensating). In Fig. 4 the similar depen-
dencies were taken when the compensating discrete time
equalizer was turned off. All other settings for program con-
trollers, global output variables (speed tasks, quantization pe-
riods of equalizers, etc.) in both experiments are completely
identical.
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Fig. 5. Transition function for the speed in relative units and
corresponding absolute value of the dynamic error (com-
bined control)

Thus, due to the small ratio of transmission and soft static
characteristics of the control object, the system required an
impact on the proportional component to increase the dy-
namic accuracy and reduce the sensitivity to parametric and
coordinate perturbations.

On average, as a result of the experiments, the use of com-
bined control with two discrete time equalizers allowed reduc-
ing the dynamic errors both during start-up under the load and
reset of the load from 3 to 6 times.

Conclusions:

1. The structure of the combined control system with two
discrete time equivalents (main and compensating) allows
increasing the dynamic accuracy and decreasing the sensitiv-
ity of the automatic control systems to coordinate perturba-
tions.

2. The effectiveness of the developed method for designing
the structure of the combined control system has been con-
firmed as a result of the series of experiments at the laboratory
test bench.

3. Since the entire program code for the combined control
system with two discrete time equalizers is written in a high-
level programming language C/C** using object-oriented ap-
proaches, it is hardware-independent of the type of micropro-
cessor and can easily be migrated from the hardware base of
Texas Instruments to any other, such as DSP processors man-
ufactured by Freescale or Analog Devices [10]. Due to this, the
proposed software solutions are of considerable practical value
and can be used in industry.
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Kom0iHoBaHa cucTemMa KepyBaHHS Ha 0as3i
JIBOX JUCKPETHHX YACOBHMX eKBaJjaii3epiB
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Merta. Po3pobka MeToay 1noOynoBU CTPYKTYpU KOMOiHO-
BAaHOTO KepyBaHHS 3 KOMIIEHCAITIEIO TTApaMeTPUIHUX i KOOp-
NMHATHUX 30ypeHb Ha OCHOBI 1BOX TUCKPETHUX YACOBUX €K-
BaJlaii3epiB i BUKOHAHHS €KCIIepUMEHTAIbHOI OLIIHKY e(heK-
TUBHOCTI 3aCTOCYBaHHSI IOAATKOBOTO KOMITEHCYIOUOTO €KBa-
Jnaisepa.

Metoauka. Teopis nepexinHUX QyHKLiN KiHIEBOI TpU-
BaJIOCTi BAKOPUCTOBYETHCS [JISI BCTAHOBJICHHST OaskaHUX M-
HaMiYHUX BJIACTUBOCTEN CUCTEM aBTOMATUYHOTO KepYBaHHS
Ha AMCKPETHUX YacoBUX iHTepBaiax. [IpuHun cumeTpii Mo-
IUGbIKOBAaHUX CTPYKTYPHHUX cxeM 3abesmneuye (hopMyBaHHS
OaxxaHUX AMHAMIYHMX BJIACTMBOCTE 3aMKHEHOI CUCTEMU 3
00MeKeHUM KoeMIilliEHTOM ITiICUIeHHSI.

Pe3yabraTn. Po3po6isieHo Ta eKCriepuMeHTaIbHO TMepeBi-
peHO MeTo MoOYA0BU KOMOIHOBAHOI CTPYKTYpPU KEPYBaHHS
3 KOMIIEHCAIli€l0 MapaMeTPUYHUX i KOOPAUHATHUX 30ypeHb
Ha OCHOBI IBOX TUCKPETHUX YACOBUX eKBaslaiizepiB. MeTos €
OJIHI€I0 31 CKJIAJIOBUX METOMOJIOTIT CUHTE3y CUCTEM aBTOMa-
TUYHOTO KEPYBaHHS, Ta Niepeadayvae 3aBIaHHs OaXaHUX Iu-
HaMiYHUX BJIACTUBOCTEN 3a BUXiTHOIO KOOPIMHATOIO y Tpa-
(hiuHOMY BUTTISAI 200 Y BUIIISAI HAOOPY TOYOK OakaHOI me-
peximHoI hyHKIIII.

HaykoBa HoBu3Ha. Yriepiiie po3po0JieHO MeTO/I, TO0YI10BU
CTPYKTYpU KOMOIHOBAHOI CMCTEMM KepyBaHHSI Ha OCHOBI
JTBOX JIMCKPETHMX YaCOBUX €KBaJIali3epiB (OCHOBHOTO i KOM-
MeHcauiiiHoro). MeTon Binpi3HSETbCS Bl BiToMOTo (JIuIle 3
OTHUM JUCKPETHUM YaCOBUM EKBaJlali3epoOM) YBEICHHSIM
rnapajieJIbHOI KOPeKTYBaJbHOI TiJIKU 3 TUCKPETHUM YaCOBUM
eKBaJali3epoM, HAJIAIIITOBAHUM Ha TTOBHY KOMITEHCAIIIO I~
HaMIYHUX BJIaCTUBOCTEM 00’ekTa KepyBaHHs. Lle nae Mox-
JIUBIiCTh 3HU3UTHU UYTIUBICTH CUCTEMU O KOOPAWMHATHUX i
rnapamMeTpuyHuX 30ypeHb.

IIpakTiyHa 3HaYMMiCTb. Pe3ynbTaTu 1OCHIIXKEHb MOXYTh
OyTU BUKOPHMCTaHI IJIsi MOOYIOBU aJITOPUTMIB KepyBaHHSI
TEXHIYHUMU 00’ €KTaMU 3 iX TIOJAJIBIITUM ITPOTPAMHUM YIIPO-
BaJI)KEHHSIM Yy MiKpPOKOHTPOJIEPHY a00 MiKpOIPOLIECOPHY
CUCTeMY KepyBaHHSI.

KunrouoBi cnoBa: duckpemuuii uacoeuii exeanaiizep, Cu-
me3, K8AHMOBAHA nepexiona hyHKuis, nepexiona QyHKuis Kin-
yesoi mpusanocmi, MoOOUPDIKOBAHUL NPUHUUN cuMempii
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Henb. PazpaboTka MeTona MOCTPOECHUST CTPYKTYPhI KOM-
OMHMPOBAHHOTO YIPAaBJIeHUsI C KOMIIEHCAllUel mapaMeTpu-
YECKUX U KOOPIUHATHBIX BO3MYILIEHUI Ha OCHOBE JIBYX JUC-
KPETHBIX BPEMEHHbIX 9KBaJaii3epOB U BHITIOJHEHUE DKCIIe-
PUMEHTAIBHOU OLIeHKU 3(DGEKTUBHOCTA TIPUMEHEHUS 10~
TOJTHUTEIbHOTO KOMITIEHCUPYIOLIETO dKBaIaii3epa.

Mertoauka. Teopusi nepexonHblx (HYHKIUNA KOHEYHOM
JUTUTEIbHOCTU MCTIOJIb3YeTCsl Ul YCTAHOBIIEHUS KeJIaeMbIX
MUHAMWYECKUX CBOMCTB CHCTEM aBTOMATUUECKOTO YIIpaBiie-
HMSI Ha TUCKPETHBIX BPEMEHHbIX MHTepBaiax. [lpuHumn
CUMMETPUN MOANGMUIIMPOBAHHBIX CTPYKTYPHBIX CXeM 00e-
creynuBaeT (GOpPMUpPOBAHUE  XKeJaeMbIX JAMHAMUYECKUX
CBOICTB 3aMKHYTO! CUCTEMBI C OTPAHNYEHHBIM Kod(duirm-
€HTOM YCUJIEHUSI.

PesyabraTbl. PaspaboTaH U 3KCIEpUMEHTAIBHO MPOBE-
peH MeTOJ TOCTPOEHMSI KOMOWHMPOBAHHOW CTPYKTYDBI
YIpaBIeHUsT ¢ KOMITEHCAIINEe TapaMeTpUIeCcKX U KOOPIH-

HATHBIX BO3MYILIIEHUI Ha OCHOBE JBYX JUCKPETHBIX BpEMEH-
HBIX 9KBajai3epoB. MeToa sSBJsIeTCsl OJHOI U3 COCTaBJISIIO-
IIAX METONOJIOTUM CHUHTE3a CHUCTEM aBTOMATUYECKOIO
yMpaBJieHUsl, U MpeTycMaTPUBaeT 3alaHNe XKeJaeMbIX TUHA-
MUYECKUX CBOMCTB 1O BBIXOMHOW KOOpIMWHATe B Tpadude-
CKOM BMJIe WJIX B BUJIe HAOOpa TOUEK KejaaeMOoi MepexoaHOI
byHKUMN.

Hayunas HoBu3Ha. BriepBbie pa3paboTaH MeTO. MOCTPOE-
HUSI CTPYKTYpPhl KOMOWHMPOBAHHOW CUCTEMBI YIIPaBICHUS
Ha OCHOBE JIBYX TUCKPETHBIX BPEMEHHBIX IKBaslaii3epoB (0c-
HOBHOTO U KOMIIEHCAIITMOHHOTO). MeTo OTyIimyaeTcst OT 13-
BECTHOTO (TOJIbKO C OIHUM ITHUCKPETHBIM BPEMEHHBIM 3KBa-
Jaii3epoM) BBENEHUEM TapajuIeIbHOW KOPPEKTUPYIOIIEH
BETBU C IMCKPETHBIM BPEMEHHBIM 9KBajlaii3epoM, HACTPOEH-
HBIM Ha TIOJIHYI0 KOMIIEHCAIUI0 AWHAMUYECKUX CBOWCTB
0o0beKTa yrpaBieHHsI. DTO MO3BOJISIET CHU3UTh YYBCTBUTEb-
HOCTb CUCTEMBI K KOOPIUHATHBIM U TTapaMeTPUIeCKUM BO3-
MYLIEHUSIM.

IIpakTiyeckas 3HaYMMoOCTb. Pe3ynbTaThl MccaenoBaHUi
MOTYT OBITh WCITOJIb30BAaHbI UISI MOCTPOEHMS aJITOPUTMOB
YIIPaBICHUST TEXHUYECKUMU O0BEKTAMHU C UX TIOCIIETYIOIIM
MPOrpaMMHBIM BHEIPEHUEM B MUKPOKOHTPOJUIEPHYIO WU
MUKPOIIPOTIECCOPHYIO CUCTEMY yTIPaBICHMUSI.

KunioueBbie ciaoBa: duckpemmuwiii épemenHOl dK6aAai3ep,
CUHme3, KB8AHMOBAHHA NePexoOHas (YHKUUs, NnepexoOHds
QDYHKUUS KOHEUHOU OAUmMenbHOCIU, MOOUDUUUPOBAHHBLI NPUH-
Yun cumMmempuu.
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