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HUPPOBI CUCTEMU ABTOMATUYHOI'O KEPYBAHHSI
B MEXATPOHHUX CUCTEMAX

Mopuea M.O., I'ony6esa C.M., Toponos A.C.

DIGITAL AUTOMATIC CONTROL SYSTEMS IN MECHATRONIC SYSTEMS

Morneva M.O, Golubieva S.M., Toropov A.S.

Y cmammi posenamymo numanna wooo yugposux cucmem
A8MOMAMUYHO20 KePYBAHHA, AKI 6IOHOCAMbCA 00 KAACY NiHill-
HUX IMAYILCHUX cucmem, ane marome ceoi ocobnusocmi. Ta-
KOJ#C 3HAUOeH] pisHUuYesi pieHAHMA | Z-nepemeopenus nepe-
dasanvHoi QyHKYii 0goma cnocobamu: KiacuyHum i 3a 0o-
nomoeor OiniHitiHux nepemeopens. [106yoosani nepexiowui i
YACMOMHI XAPAKMEPUCIUKY CUCTEMU ABMOMAMUYHO20 Ke-
pyeanns (CAK). 3a oonomocoro mamemamuunozo mooenio-
6anns niomeepodiceno, ujo nPU Nopienanmi xapakmepucmux
be3nepepsro2o i OUCKpemHo20 Qinbmpis 3 pocmom 4acmomu
BIOMIHHICIb 8 XAPAKMEPUCIMUKAX 3POCAE.

Knrwwuogi cnoea: mexampouui cucmemu, asmomamuyra cuc-
mema KepysamHs, MIKpOnpoyecopu, agmomamuyti npucmpoi,
eNeKmpoMexaniumi nepemeoproeayl.

Beryn. ABTomMarhyHa CUCTEMa KEpyBaHHS — 1€
CYKYITHICTb KepOBaHOTO 00’€KTa ¥ aBTOMATHYHHX BH-
MIpIOBAJIFHUX Ta Kepyrouux npuctpois[l]. Ha Bigminy
BiJl aBTOMAaTH30BAHOI CUCTEMH KEPyBaHHS L CHCTEMa
camojioua 1 peanidye BCTaHOBJIEHI (yHKLIT mporecy
aBTOMAaTHYHO, 0€3 ydJacTi JIOAWHM (KpiM eTamiB IyCKy
Ta HaJlaro/pKeHHs1). Ha mpakTuil 4acTo mociyroByrOTh-
Csl TEPMIHOM-aHAJIOTOM CHCTEMa aBTOMAaTHYHOTO Kepy-
BaHHs (CAK).

OcnHoBHuMH komnoHeHTamMu CAK e:

— o0’exr kepyBanus (OK), sikum cucrema mno-
BUHHA KEPYBaTH;

— JIaT4YMKH, SKi 3a0e31euyioTh OTpUMaHHs iH}o-
pmarii npo 06’ekT;

— TPUCTPiil KepyBaHHS,

— TOJIOBHUH KOMIIOHEHT CHCTEMU KEpyBaHHA,
SIKMIA TIOPIBHIOE 3aJ1aHi i BUMIPIOBaHi HA 00 €KT 1 JaHi Ta
(hopMye BXiIHI 3MiHHI, SKi MOCTYMAIOTh HA 00 €KT. 3a-
JIaHl JaHi MOJAIOTHCS B MPUCTPIH KepyBaHHS. BuxinmHi
JIaHi 3 00’ €KTy KepyBaHHS BUMipIOIOTECS 32 TOTIOMOTOI0
JATYUKIB, i BAMIpPIOBaHI 3HAYEHHS MOCTYIAIOTh B IIPH-
ctpiit kepyBannsi[2]. [Ipucrpiii kepyBanHsi Gopmye BXi-
JIHI JIaHi, SIKi HOCTYMAaKTh Ha BXiJ 00’ €KTy KepyBaHHSI.

Hudpposi CAK BimHOCATBCS 10 MUCKPETHHX, B
SIKUX BX1OHI @00 BUXIIHI CHUTHAIN € MOCIIIOBHICTIO IM-
MTyJIBCIB.

B uudpoBux cucremMax NPOBOIUTHCS KBaHTYBaH-
HS CHUTHAJIB 3a 4acoM Ta piBHeM. B mmdpoBux cucre-
Max, KpiM 00‘€KTy KepyBaHHS, € aHaJIoro-uugposi i
uQpo-aHaIOroBi IEpeTBOPIOBaYi, TaliMep dYacy Ta
KOMIT' FoTep (MiKponporuecop, MikpoKOHTpoJep)[3].

B pmammit wac mudposi CAK HaOymm mmpoxoro
MOIIUPEHHST B Pi3HUX Taly3six mpommcioBocti. Lli cuc-
TEeMH, SK MPaBWIO, MAlOTh BOYIOBaHI KepPyKUi MiKpo-
EOM ab6o wmikponpouecopu. Pobora mudposux CAK
3MIHCHIOETBCS TiJl yIpaBiIiHHS po0OoY0i mporpamu, sika
MictuThesl B mam'siti EOM, abo BBOAWTHCS 330BHI[4].
Iepesaroro 1udposux CAY € BHCOKa TOUHICTH pOOOTH,
Masli rabapuTH Kepyro4ol YaCTHHHU, MOXIIMBICTh Olepa-
THUBHE 3MiHIOBaTH ajaroputMm podotu CAY 3a paxyHOK
3MiHM KE€pYyIOUu0i IpOrpamu.

Meta xoCTiTKeHHS IOJISTaE B CIpoOi HAWTH pi3-
HULEBI PIBHSHHA 1 Z-1IepeTBOPEHHS NepeiaBajibHOI (Y-
HKIIi JBOMa croco0aMy: KJIIAaCHYHUM 1 3a JOIIOMOTOIO
OUMIHITHUX TIepEeTBOPEHD (BUKOPHUCTOBYIOUHN MAKET IPH-
KJIQJHUX TPOTpaM AJIsl BUPIMICHHS 3a/1a4 TeXHIYHUX 00-
yucieHb Matlab) Ta moOGyayBaru nepexijiHi i 4acTOTHI
XapaKTEePUCTUKH.

PesyabTaTn nocaimkenns. [{udposi CAK BigHo-
CATBCS 10 KJACy JIHIMHUX IMIYJBCHHX CHUCTEM, aje
MaroTh CBOI 0co0JMBOCTI. Tak B IMIyJIbCHUX CHCTEMaX
iH(pOpMAIlis PO BXiJHY Ail0 BU3HAYAETHCS B AUCKPETHI

(t=1(0,1,2,3...)) . .
MOMEHTH 4acy i 1 MOJYJIFOETECS pi3-
HUMH crocobamu  (aMIUTiTygHa, (a3oBa, IIHPOTHO-

IMITyJIbCHA).
VY mudpposux CAK mMoMeHTH yacy piBHOBiIaieHi,
t, =iT . .
T00TO , Ae T- meplo KBaHTYBaHHs, a [ - MOJY-

nsmis amrutityaHa[S]. HasBHicTs 1 Bua iHpOpMamii B
MPOMIXKax MK MOMEHTaMH BUMIpY 3aJI€KHTh BiJl THITY
eKCTpaIosATOPy, SKWH BHU3HAYA€E 3aKOH 3MiHU iH(Op-
Marii Mk MOMeHTaMHu BUMIpy iH(popmarii. Excrparmo-
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nsTOp OYBAOTHh HYJIBOBOTO, MEPIIOTO i OLTBIT BUCOKOTO
nopsiAKy. ExcrpamonsaTop HyJIp0BOTO MOPSAKY 30epirae
IiCJIsl BUMIPY CHUTHAJI MOCTIHHMM JI0 HACTYITHOTO BHMi-
PY, EKCTpamnoAaTop MEpLIOro MOpSIKY peaji3ye TeHje-
HIII}O 3MiHHM CUTHAJIY 10 MEpIIii MOXiAHIH 1 T.A.

B ocHOBI Teopii iMIyJIbCHUX, @ OTXKe 1 HU(OPOBUX
CHCTeM, JIS)KaTh PI3HULEBI PiBHSIHHS (aHanor nudepeH-
LiaJbHAX PIBHAHB) 1 Z - mepenaBaibHi QyHKUIT (aHaI0-
T NiepeiaBalibHuX (QYHKIIIH Oe3rnepepBHUX cucTeM)[6].

JUts IMITyTECHUX CHCTEM iCHY€E TaKOX TOHSTTS Pi-
BHSHHS B KIiHIIEBUX Pi3HUIIIX. BoHO MoXe OyTH OTpH-
MaHO 3 JiHIHHOTO AM(EpeHIiabHOTO PIBHAHHS IILIS-
XOM 3aMIHM CHMBOIY JHepeHIifoBaHHs d Ha KiHILEBe
HPHUPOIIEHHS 4, a IOTOYHOTO Yacy ¢ Ha IepioJ KBaHTY-
BaHHA 1. Hanpuknazg ans JiHidHOTO AMQeEpeHIiaTbHOTO
PIBHSIHHS 2-TO MOPSIIKY

d’x dx dg
azﬁ+alz+a0x:blz+bog, @)

PIBHSHHS B KiHIIEBUX Pi3HHULIIX MATHME BUTIIS:
a a b
—2A2x+—1Ax+a0x=—1Ag+b0g. (2)
T T T

VY 3B'13Ky 3 THM, 1110 HU(pPOBA CUCTEMA KEPYBaHHS
Omepye HE PI3HHIIMHU, a aOCOJIOTHHUMH 3HAYCHHSIMHU
3MIHHHUX - PIBHSHHS B KIHIIEBUX PI3HHUIIX HEIPHUIATHE
JUTST BUKOPUCTAHHS B MPHKIAJIHUX TporpaMax i Horo
NIepETBOPIOIOTh Y PI3HUIIEBI PiBHSAHHA. Pi3HuUIEBE piB-
HSHHS U HAIIOTO TPUKIATy CKIAJAE€THCS TaKUM YH-
HOoM. Hexail B neskuil MOTOYHUI MOMEHT 4Yacy ¢ = Tn
BXimHI 3MiHHA g(2)=g(Tn), a B mONIEepeIHiii MOMEHT 3Hi-
MaHHs iHpopmatii g(2)=g(T(n-1)). AHaIOTidHO, SKIIO B
MMOTOYHUI MOMEHT BMXiJHA 3MiHHA X(?)=x(Tn), TO B 1O-
MEPeHii 1 MPeaArnonepeIHuii MOMEHTH 3HAYCHHS X(1)
BianoBinHo Oynu: x(2)=x(T(n-1))ix(t)=x(T(n-2)) (puc.
1).

x(Tn)
x(T(n-2)

| P

" T(n-2
Puc. 1. luckperHuii curnain (pemrirdacra QyHKIIiS)

x(T(n-1)

- x(Tn)
t
| L

[ T I(n-1) I'n

Yepes 11 3HAUEHHS 3MIHHUX MOXYTbh OyTH BHpa-
JKEH1 pI3HHLL:
Ag = g(Tn)—g(T(n-1)),
Ax, = Ax = x(Tn) —x(T(n —1)),
Ax, =x(T(n—1)—xT(n-2)),
Ax= Ax—Ax =x(Tn) —2x(T(n —1)) +x(T(n —2)).

A3)

[Micns mincranoBku BHUpasiB (3) B (2) 1 mesxux
OUYEBHIHUX NIEPETBOPEHb OTPUMAEMO:

X(iT) =dy(Ti)+d (T (n=1)) 6T (n=1) - (T (n-2)), (4)

_ —~(2a,+aT) a,

: _a2+a1T+a0T2 7 _a2+alT+a0T2’
d - bT +b,T*

-bT
0 20
a, +a,T +a,T

e

1 = 2
a, +a;T +a,T
VY 3aranbHOMY BUTJISIII PIBHSIHHS JIIHIHHOTO JHC-
KpeTHoro (inbTpa Oyne MaTH BUIIISA:

N M
X(I’lT) = zdmg(nT_ kT) - Zcmx(nT_ mT)5 (5)
k=0 k=1

Iie 1 - TIOPSIOK TpaBiif YacTuHI AU epeHIiaTbHOTO PiB-
HSHHS QUIBTpa, a m- MOPSNOK NiBil yactuHi. Bupas (5)
IO CYTi € QITOPUTMOM ISl OOYHCIICHHS YeproBUH I10-
TOYHOI 3MIHHOI X 3a 3HAUCHHAMH IIOTOYHOI BXiZHOI
3MIiHHOI g, ii monepenHix 3HaueHb, KUIBKICTh KX OJJHO
MOPSIAKY TpaBiii YaCTHHI BUXITHOTO AU(EPEHIIAIbEHOTO
PIBHSHHS, a TaKOX TIOMEPEIHIX 3HAYCHb BUXITHHX
3MIiHHUX X, KUTBKICTh SKAX OJHO TOPSIIKY JIiBid YaCTHHI
BUXiHOTO AH(EpeHIliabHOTO PiBHAHHSA. Pi3HHIIEBE pi-
BHSIHHS y BHpazax (3,5) Oe3nocepeTHbO 3aCTOCOBYETHCS
B MPHUKIATHUX Kepylounx nporpamax mudposux CAK.
PizuutieBi piBHAHHS y Bupasi (5) MokHA oTpuMaTu 3 Z -
nepenaBanbHuX (pyHKIIH. Haragaemo, oo Z - nepexnar-
HY (QYHKIIiI}0O OTPUMYIOTh 3aCTOCOBYIOYH JAMCKPETHE Iie-
perBopenHsi Jlamiaca 10 BXiAHUX 1 BUXIJIHUX 3MIHHHX
PO3IIIAHYTOTO AUHAMIYHOTO JIAHKH, HAIIPUKIIAL

X' (5)=YxTe ™, a60
n=0

Z(x(Tn))=X(z) = ix(T n)z ",

n=0

T : - .
ne z=¢€", i Gepyun ix craBieHHs. J[s pi3HULEBOrO
piBHSHHS (5), 3 OIJISLy Ha, IO Y TEOPEMi 3MIIIaHHS

Z((T(n-m)) =z"X(z),

a Z(g(T(n—k))=z"G(2),
OTPHMAEMO:
N
deZ‘k
W =S ©)
) 1+ >c,z"
m=1

s mpuBaTHOTO pIiBHAHHS Z - TiepepaBayibHa (y-
HKI[isI MAaTHME BUTIIST

X(2) _
G(z)

dy+dz”"

1+ (,le_1 + 022_2

W(z)=
(7

Sk 6aunmo xoedimienTn ¢ i d B Bupazax (5) i (7)
MAIOTh OJTHI 1 Ti )X 3HAYCHHS, MTPOTE OTpUMATH Oe3moce-
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PENHBO Pi3HUIIEBE PIBHSHHS BHCOKOTO MOPSAKY (K MU
OTpUMAaJIH JUIs APYTOTo MOPSIAKY) 3a3BUUail OyBae ckia-
JHO 1 1 koeditienT OepyTh 3 Z - nepeaaBaibHOil (QyH-
kuii. OCTaHHIO MOXKHa OTPUMAaTH KUIBKOMa DPi3HUMH
cnocobamu. B imkeHepHil npakTuli Z - nepenaBajibHy
(dyHKIiI0 HalluacTille OTPUMYIOTH 31 3BHYaiiHOI Iepe-
JaBajbHOI (DYHKIIT 32 JI0IOMOTO0 OiTiHIHHOI IepeTBo-
PEHHS [ ] IUISXOM ITiJICTAHOBKH:

2 (1-z!
_2 ez ®)
T (1+z7)
3 K01 BUILJIUBAE, 110
1+%
S 2
1_7
2

TakuM 4YMHOM TpOBEAEHA 3aMiHa TPAHCIIEHACHT-
HOTO 3Ha4yeHHs Ha JiHiiHui Bupa3 (9). [IpaBoMipHICTH
TaKol 3aMiHM 3aCHOBaHA Ha MPUIYIICHHI, [0 TPAHUYHA
4acToTa BXiJHOTO BILTHBY i yactorta 3pizy CAK Habara-

TO MEHILIE YaCTOTH KBaHTyBaHHA LIBM @, =27/T .
JIificHO MOKJIABIIN § = j@ MaeEMO
. oT
_ 1+ jtg—
z=eM" =coswl + jsinwl = 2z
1 jtg ol
2

Ipu @l /2=1, abo oTpuMaemo z, IO B OIEPATO-
pHoi ¢opmi Bigmosinae 9.
3 Teopiil IMIyJIBCHUX CHUCTEM BiJIOMO, IO CMyra

0<w, < D

BIZITBOPIOBAaHUX YAaCTOT JISKUTH B MEXax 2

3acrocyBaHHs BUpa3y (8) M03BOJIsSE MPU aHATI31 1
CI/IHTe3i JUCKPETHUX CUCTEM BHUKOPHCTOBYBATHU amapar
YAaCTOTHUX XapaKTepHCTHUK, po3polieHu s Oe3nepe-
PBHHX JIHIHHHAX CHCTEM.

[Mpukianom peanizanii moxioHoi Moxesni Moxe Oy-
T quckpeTHHd (imbTp 6ibmiorexkn Simulink mpukman-
Horo makeTa Matlab [7].

1. BukopucroByroun nporenypy "bileniar" makera
Matlab 3Haiizemo koediuieHTH Z-niepenaBaibHOT (HyHK-

bs +1

uii s kopuryrouoi nanku W (s) = =il B SIKOMY b

= 0,05, a = 0,7. ]yna iX 3HaXOKEHHS BIAKPHEMO BIiKHO
penaryBaHHs M-daiiiB i BHECEMO B HBOTO IIPOTpaMy
(a). Y mpoMy X BiKHI «KJIaIIHEMOY» MHUIIKOIO 110 KHOTIIIL

B (RUN). Pesynprar obumciens (xoedimientu ad i
bd) 3'sBUTBCS B KOMaHAHOMY (TIEPBUHHOMY) BikHi (0).

2. 3 po3ainy Discrete (nuckperHi enemeHTH) 0i0-
miorekn Simulink BukopucroByemo Onok Discrete
Filtre, BiBmM B HbOTO KOediuieHTH bd (YMCENBHUK) i
ad (3HaMEHHMK) 10 3POCTAIOYMM CTYHEHSMH 1 Tepion
kBaHTyBaHHs T=0,005¢ (puc. 2). Koediuientn bd i ad
BinoOBinar0Th Koedimientam "d"” i "c¢" B piBHIHHAX (6) 1

).

b=[0.05 1] a b= bd= 6

a=[0.7 1] 0.0500 1.0000 0.0747 -0.0676
Fs=200;
[bd, ad] = bilinear (b, a, Fs). a= ad=

0.7000 1.0000 1.0000 -0.9929

Fle Edt View Seusion Fomsl Tools Heb
DFEES BF 2 REL®| »

L) 0.0747.0 0670z - .
)-‘5—-—0’ e .—I)—J.t-a

1.0 992071 . =
Qutput FPoint

- .
Input Paiet

Discrate Filterl

Block Parameters: Discrete F x|
Discrete Flte

Vector expresson 106 rumetaton and denomnatoe. Coelbcents are for
awcendng powers of 1/2

bd Paramntess

Numes stor.
[0.0747 -0.0676)

ad Dencenator
e (T

Sample tme
0005
Fs —|

Puc. 2. luckperauit GpinsTp

3. Tpu po3misizi i MOPIBHSHHS 9aCTOTHUX XapaKTepuc-
TUK aMIUTITYOHHX 1 ()a309aCTOTHUX IS IPUCTPOIB Pi3HUX BU-
IiB BUHHKAE MpobiemMa iX KOMIIAKTHOTO INPEJCTaBICHHS, TaKk
SIK 3Ha4YEHHS aMIUTITyX 1 9aCTOT iCTOTHO BiJPi3HSIOTHCS ONUH
Bix omHoro. BupimieHHs miel mpoOieMH JIEKUTh Y BHKOPHC-
TaHHI JIOrapu(pMIYHKX MaciiTabiB B YaCTOTHUX XapaKTEpPHC-
THKaX.

Bt Doy

Froe Ingut Port

Cram wrs fradivash

Puc. 3. JIAUX Ta JI®YX Ge3npepeBHOTro (a)
Ta quckpetHoro (6) ¢inapTpis
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Jlorapu(mMiuyHOIO aMILTITYAHOIO YaCTOTHOIO XapaKTepH-
crukoro (JIAUX) nuHamivHOI JIAaHKM HA3UBAIOTh TAKE YSBIICH-
HSl aMIUTITYAHOI 4acTOTHOI xapakrepuctuku (AUX), B sikomy
MOZYJb (aMIUTITYya) YaCTOTHOI XapaKTEPUCTUKN BUPAKECHUN B
nenuOenax, a yacToTa - B JorapudMivHoMy MacmTadi.

JlorapupmivHo (Pa30BOI0 YaCTOTHOK XapaKTCPHCTH-
koto (JIOUX) nuHaMivHOI JIAHKM HA3UBAIOTh TAaKe YSBIICHHS
(azouacroTHOi xapakrepuctuku (OPUX), B skOMy 4acToTa BH-
paxkeHa B jlorapudmMidHoMy MaciuTaoi.

BusHaunmo i 3adikCyeMO YACTOTHI XapaKTePUCTUKH
6e3MepepBHOTO 1 AHAIOTIYHOTO JUCKPETHOrO (iJIBTPIB BifIO-
BigHO 10 Metoauku Bu3HadeHHs JIAUX i JIOUX Gesmepeps-
HUX JIaHOK (puc.3).

BuCHOBKH. BuxopucroByroun poLenypy
"bileniar" makera Matlab 3HaiinmeHi koedimieHTH Z-
nepenaBajgbHOI (PYHKIIT U1 KOPUTYIOUOI JTaHKH. Binno-
BigHO 10 Meroguku Bu3HadyeHHs JIAUX 1 JIOUX Gesme-
PEpBHUX JIAaHOK BU3HAYCHI YaCTOTHI XapaKTEPUCTHUKU
0e3mepepBHOTO 1 AHAIOTIYHOTO AWCKPETHOTO (iIBTPIB.
[Ipu nopiBHsAHHI XapaKTEPHCTHK Ge3MEepepBHOTO i IHUCKpPET-
HOTO (GiNBTPIB MOXKIIMBO TIEPEKOHATHCS, 10 3 POCTOM YaCTOTH
BIZIMIHHICTh B XapaKTePHCTHKAX 3POCTAE.
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Morneva M.O., Golubieva S.M., Toropov A.S. Digital
automatic control systems in mechatronic systems

The article deals with the issues of digital automatic
control systems, which belong to the class of linear impulse
systems, but have their own characteristics. Automatic control
systems (ACS), as a rule, are equipped with built-in control
micro-computers or microprocessors. The advantage of digital
automatic control systems is high accuracy of operation, small
dimensions of the control part, the ability to quickly change
the algorithm of the ACS operation by changing the control
program. The computer operates not with differences, but with
the absolute values of the variables of the equation in finite
differences; therefore, it is unsuitable for use in applied
programs and is converted into difference equations. The
presence and type of information in the intervals between the
moments of measurement depends on the type of extrapolator
(in a computer, this is a program that determines the law of
information change between the moments of measurement of
information). Extrapolators are of zero, first and higher order.
The zero-order extrapolator keeps the signal constant after
measurement until the next measurement. The first-order
extrapolator implements the tendency of the signal to change
according to the first derivative, etc. The theory of impulse,
and therefore digital systems, is based on difference equations
(analogue of differential equations) and z-transfer functions
(analogs of transfer functions of continuous systems).
Difference equations and Z-transformations of the transfer
function were also found in two ways: classical and using
bilinear  transformations;  transient  and  frequency
characteristics were also constructed. Using the "bileniar”
procedure of the Matlab package, you can find the coefficients
of the Z-transfer function for the correcting link. Using the
"bileniar" procedure of the Matlab package, the coefficients of
the Z-transfer function for the correcting link are found.. By
means of mathematical modeling, it was confirmed that when
comparing the characteristics of continuous and discrete
filters  with increasing frequency, the difference in
characteristics increases.

Key words: mechatronic systems, automatic control
system, microprocessors, automatic devices,
electromechanical converters.
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