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JIABEPHO CKAHUPAHE 3A JIOKAJIM3AIIUSA HA KOJIECEH
MOBMJIEH POBOT

AHTOH Huxkuros, Baagumup 3amanos

Peztome: Tounomo onpedensine HA NONOHCEHUEMO HA MOOUTHU pobomu e eOuH om
OCHOBHUMeE NPoOIeMU C8bP3AHU ¢ MAXHOMO ynpasieHue. To3u 0oknao e nocéemen Ha
NPOYYBAHEMO U Pealu3upanemo Ha aieopumvM 3d JOKAIUZAYUS 8 3aMBOPEHO NPOCH-
pancmeo. Llenma e onpedensne Ha NOUYUAMA U OPUSHMAYUAMA HA KOJleCeH MOOUIeH
pobom 6 depunupana pasHuHHaA pabomua 30Ha, Ype3 U3Noi36aHemo Ha 08YMepHU Jid-
3epnu ckenepu. Pazpabomean e ancopumvm u copmyep, xoiimo 6 peanino epeme oa
npedocmass 0Opamua 8pv3Ka 3d MOMEHMHOMO NOJOdNCeHUe HA poboma 6 paeHu-
Hama.

Knrouoeu oymu: xonecen mobunen pooom, pagnunen iazeper cKenep, 10Kanu3ayusl

A LASER SCANNING FOR MOBILE ROBOT LOCALIZATION
Anton Nikitov, Vladimir Zamanov

Abstract: Accurate determination of the position of mobile robots is one of the main
problems related to their control. This paper is dedicated to research and developing
a localization algorithm in a closed space. The goal is to determine the position and
orientation of a wheeled mobile robot in a defined flat working area using two-
dimensional laser scanner. For this purpose is being developed an algorithm and a
software, which it can provide real time feedback for the current position of the robot
in the working area.

Keywords: wheeled mobile robot, two-dimensional laser scanner, localization

1. YBOJ

Konecaure moOumuu poOOTH mpuUTek)aBaT peauiia cieuuIHd Bb3MOXKHOCTH, KaTo
Hal-4ecTo T€ C€ M3IMOJ3BAT 3a TPAHCIOPTHH, UH(POPMAIMOHHU WJIM TEXHOJIOTHYHU
oTepalyy ¢ aBTOHOMHO YIIPABJICHUE B CTPAJH U ChOPBKEHUS.

[IppBa 3a7a4a 32 aBTOHOMHA HABHUTAIMS € €THO3HAYHOTO JIOKaJIH3UpaHe B paboTHATA
CIICHa, KaTo 3a PEIIaBaHETO HA Ta3W 3aJada ce pa3uuTa Ha aOCOJIOTHU CEH30PH, KO-
UTO CE€ HAMUPAT BHPXY poOOTa WM ca HEMOJABMKHHU B paboTHaTa ciieHa. Jlokanmza-
nusATa Ha 0a3a M3MOJI3BAHETO HAa OTHOCUTEIHU CEH30pPH 3a 3aBbpTaHE Ha KoJjeiara
(omomeTpusi) € HETOYHA MPU NPOABIDKUTEITHH JIBIKEHUS, TIOPAAd MEXaHUYHU TPOO-
nemu (MPUILTB3BAHE W T'PANlaBHHU IO TepeHa). HaTpymaHuTe rpemku BOIsAT A0 OTK-
JIOHsIBAaHE HAa MOOWJIHHS pOOOT OT KpallHaTa TOYKa. 3a PEIIEHNETO Ha TO3U MPOOJIeM €
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HEOO0XO0UMO, HyJIHpaHe Ha OpOsSUUTE ONPEEIIAIy MO3ULHUATA NIPE3 MAIbK UHTEPBAI
ot Bpeme [1].
3a mpaBWIIHOTO JIOKAJIU3UPAHE HA €IMH MOOHIIEH poOOT € BaKHO, HAJIMYMETO HA Te0-
MeTpUYHa KapTa Ha paboTHaTa 30HA W 3a pa3lo3HaBaHE Ha OKOJHUTE 00ekTh. Dop-
MHUpPaAHETO Ha TaKaBa KapTa U HAMHUPAHE TOJO0KEHUETO Ha MOOUIITHUAT poOOT € OBp30,
1 e(heKTUBHO Ype3 U3MOJI3BAHETO HA Ja3€PHO CKaHUPAHe.
Paguunnute (2D) na3zepHu CKeHepH 3a MOOWJIHMTE POOOTH MPUTEKABAT KOMIIAKTHU
pa3Mepu, MajKo TErjio, HUCKa KOHCYMallMsl, CTaHAapTU3upaH uHrepderic u paboTeH
nuana3oH oT 4 70 100M. TSIXHOTO OCHOBHO MPUJIOKEHUE € KaTO CEH30PH 3a JIOKaJIu-
3WpaHe U Kaprorpadupane.
Jlokanu3upaHeTo Ha €IUH MOOMIJIEH pOOOT, Ype3 U3MOI3BAHETO TAKbB BUJ CEH30PH CE
OCBIIIECTBSIBA 10 IBA OCHOBHH METO/1a:
e [locraBsiHETO Ha €AMH WM MMOBEYE JIA3EPHU CKEHEPH BBPXY HIIHU MO nepudepu-
sta Ha poboTa [2].
e (CraTU4HO MOCTaBSHE Ha JIa3epHU CKEHEPH BBHPXY XOPH3OHTAIHATA PAaBHUHA,
OCHTypsBallla MOCTOSTHEH U3IJIe] KbM podoTa [3].

[TyOnukarusTa mpeacTaBsi MpoyYBaHe M pa3pabOTBaHEe HA MOJIEN 3a OMpE/C/ITHe Ha
TIO3UIIMSITA M OPUEHTAIMSITA Ha KOJIECEH MOOWICH poOOT ¢ MeMHUpaHa KapTa Ha pa-
OoTHaTa CIieHa, Ype3 M3MO0JI3BaHETO Ha BHHIIICH PAaBHUHEH JIa3epeH CKeHep. Pasriex-
JaT ce MaJIKUTe MOOMIHH pOOOTH ABMIKEIIH ce B crpaau [4].

3a paboTra Ha MOOWIHHS POOOT B MPOCTPAHCTBA C TOJISIMA TUIOMT M MIPU OTPAHUYCHHUS
Ha CKaHWpaIiara Bb3MOKHOCT, C€ M3MOJ3Ba MOAXO0]] 32 CKAHUPAHE C MOBEYE OT CIHUH
cerzop. [Ipu To3m Tun Jokanu3upaHe € HeoOXoanMa pabOTHA 30HA OCUTYpsBaIla
no0pa BUAMMOCT Ha poOoTa.

CansiHETO Ha CKeHepa OT TsUIOTO Ha poOOTa BOAU 10 HaMajsBaHE Ha COOCTBEHOTO
My TEIJIO ¥ HaMaJliBaHE Ha KOHCYMHpaHaTa CHEPrus, KOETO yab/KaBa BPEMETO 3a
aBTOHOMHa pabora Ha pobora. O6nekuaBa ce paboTaTa Ha KOHTpOJIepa, KaTto 3a 00-
paboTKa Ha CHEMaHHWTE OT CKEHEepa JIAaHHHUTE C€ M3I0JI3Ba BHHIIECH KOMITIOTHp U 0e3-
’KMYHA KOMYHHUKAIIMOHHA MpEeXa.

2. JOKAJIN3AIUA HA KOJECEH MOBUMJIEH POBOT
YPE3 CTATUYHO 2D JIABEPHO CKAHUPAHE

IlazepeH

CKEHEp
-Xo E X Xo
®ur.l. PaboTHa ciieHa ¢ MOOMJICH pOOOT U CTATHYCH JIa3epPeH CKEHEP
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PabGoTrHara criena Ha MOOWJIHUS POOOT M CTAaTUYHO ITOCTABCHHAT PAaBHUHEH JIa3epeH
ckeHep e mokazaHo Ha ¢wur.l. IlonoxxenueTo Ha poboTa COPSIMO OCHOBATa CE OMpe-
7els Ha 0a3a HEroBUTE aOCOJIOTHU KOOPAWHATH [X, V] B HEMOABM)KHA KOOpPIUHATHA
cucrema, obo3nauena kato {OX,Y,}. KbM TsmoTo Ha MoOmitHaTa Tuiatdopma € huk-
cupa coOcTBeHa (JokanHa) koopauHaTHa cuctema {PXgrYRr} ¢ momtoc, reomerpuy-
HUAT HeHTbp — P. breasr O e 3aBbpTaHeTo Ha JOKajgHaTa KOOpJIMHATHA CHCTEMa
(PXRrYR) cripsimo HemoaBrokHATa KoopauHatHa cucteMa (OX,Y,). Taka MmonoXeHreTo
Ha poborta ce ompenens upes Bekropa (X,Y,0)" [4].

Pazznexcoam ce mpu pa3iudHu eapuanma Ha CKAHUpPAaHe.

a) IIbpBUAT BapuMaHT ¢ CKaHMpaHE B XOpPWU3OHTAJIHATA pPaBHUHA Ha TAJOTO Ha
pobora, mokazaHno Ha ¢ur.2,a). Ta3u MocTaHOBKA OCUTYpsiBa HEOOXOIUMHUTE JTAaHHHU 3
€IHO3HAYHOTO JIOKAJIM3UPAHEe Ha MOOUITHUSIT pOoOOT B paboOTHATA CIICHA.

JlasepeH ckeHep  JlazepeH nbu

HenoaBwxHK

Penepwu
/ obekTu

b

/
A\ -
i /
\ /
\ /
7
/

! | a) /’/ : |_
IR,

e

Tsn0 Ha MOBUNHUAT poboT

®ur.2 Bapuantu 3a JIoKaqu3upaHe Ha MOOMIIEH poOOT
MOCPEJICTBOM CTATUYHO CKAHHPAHE

0) Bropu BapuaHT ¢ U3 uraHeTo Ha IIeJIeBH penep BbpXy Hero (¢wur.2,0). JlazepHust
7Y JocTAra Oe3mpensTCTBEeHO M0 TsaX. HeoOxomumo e penepsT ma O6bae ¢ popma,
gpe3 KOSITO MOXKE JIa C€ ONpeIesIn OpueHTanusTa 0.

B) TpeTn BapuaHT ¢ upe3 U3MOI3BaHETO Ha IWIHHApHYeH periep (¢ur.2,B), KOHTO OT
CBOsI CTpaHa 11 JIOMPUHECE 32 TOUHOTO OMpEeisiHE Ha o3ullusaTa Ha podoTa P(X,y),
HO BI'bJIBT KOWTO OIpeesis OpueHTalusaTa O octaBa HEONpPeAEeH.

BapuaHTu 3a moctaBsiHe Ha MMOBeUY€ OT €IWH CKEeHep ca mokaszanu Ha ¢ur.3. Ilenta e
MOKPUBAHE HA TOJISAM MEPUMETHDP OT paboTHaTa CIieHa, KaTO 10 TO3W HAYWH YCIEITHO
Ou ce mpeoIoIsT MpobiieMa ¢ HaTUYUEeToO Ha 00eKTH B 6su30cT 10 podora. Hegocra-
THK € TIOBHUIIIABAHE CJIIOKHOCTTA W BPEMETO 3a U3YMCICHUE HA MOMEHTHOTO ITOJIOXKe-
HUe Ha poborTa.

Iasepen
ckeHep 1./
W

®ur.3. M3noi3BaHe Ha JIBa CTATUYHU JIa3€pHU CKEHepa

34 YBCJIMYaBaHC Ha CKaHWpaHaTa 30Ha
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3. JABOPATOPHA IOCTAHOBKA U CO®TYEPHA PEAJIN3ALIUA

B nmaGopatopuu ycioBus € U3rpajieHa onmuTHA MOCTaHOBKa ((ur.4), 4usTo 1N € pea-
JU3MPAHETO Ha 3a/1ayata 3a JOKaJIM3upaHe Ha KojieceH MoOuieH poOoT. OchliecTBeH
C METOIBT 32 CKaHMpPAHE Ha TSAJIOTO MY, MOCPEICTBOM M3IMOJ3BAHETO HAa CTaTUYECH
paBHUHEH JazepeH ckeHep. I[lo mepudepusita Ha pabOTHOTO MoOjNEe C pazMepu
[2370x1420mm] e mocTaBeHa OrpaHUYUTENIHA IIPErpaaa, BbPXy KOATO Jia Momajaa cKa-
HUpAUIUAT b4 U3IPaTEH OT JiazepHus ckeHep. LlenTa e orpannyaBane Ha BUIUMOTO
10JIe Ha CKeHepa M MOoJydyaBaHEeTO Ha SICHO JiepuHupaHa pabOTHA CIIeHA.

e —

®ur.4. EkciepyuMeHTanHa MOCTAHOBKA - OO U3TJIE]

3a eKCriepuMEeHTUTE € U3MoJI3BaH JabopaTtopeH moouseH podor 3SOWMP, nonanain B
KJIaca Ha OMHHUKOJIECHUTE MOOWIHHM pOOOTH. YTIPABICHUETO MYy CE€ OCBIIECTBSIBA OT-
JaJIeUueHo, MOCPEICTBOM M3rpajicHa Oe3KuvYHa KOMYHHKalmoHHa mpexa [5]. Tsuoro
MY Cce HHTEPIIPETHPa KaTo MPaBOBI'BIHUK ¢ pazmepu [490x290 mm].

M3nomBarusaT nazepen ckenep ¢ HOKUYO UBG-04LX-FO1, ¢ brea Ha ckaHUpaHe
240°, oboxsar ot 0,02 mo 5.6m u pasgenurenna cnocobHocT 0,36°. TounocTTa My €
+10mm mipu pascrosiaue 0.06 mo 1m umm 1% oT nu3mepBaHaTa JUCTAHITUS MPU PA3CTO-
sSHUE B Jauarnas3ona ot 1 g0 4M. 3a cHeMaHeTo U 00pabOTBaHETO HA JAHHUTE OT CEH-
30pa ce M3M0JI3Ba BHHIIICH KOMIIOTHP M C€ pa3pad0TBa crienran3upan codhryep.

3a ochlecTBsIBaHE 00pabdOTKaTa HA JAHHUTE OT CEH30Pa M pean3alusiTa Ha alropH-
ThMa 3a JIOKaJIM3alus Ha poOoTa, e pazpaboreHo Windows ChbBMECTUMO MPUIIOKEHUE
¢ nomomira Ha Microsoft Visual Studio 2017, u e uznon3san nporpamHusiT e3uk C#.
Ha ¢wur.5 e mokazan Ha4aTHUAT €KpaH Ha TPUIIOKEHHUETO.

ObocobeHu ca yCIIOBHO TpW TPyIH ToJieTa: epyna | - MHUIMATU3MpAIa 4acT, 9pe3
oyronute [Config], [Connect] u [Disconect] ce peanusupa HacTpoiikaTa 3a npeaaBa-
HETO Ha JIJAHHUTE OT JIa3E€PHUAT CKEHEP KbM KOMITIOTHPA, OCHIIECTBSABA CE U C€ JIeaK-
TUBHpa Bpb3KaTa MKy aBeTe ycrpoiiBa. byronure [Save to file] u [Play] ocuryps-
BaT BH3MOXKHOCTTA 3a 3ara3BaHe Ha JIAaHHUTE MOBpeMe Ha paboTa U MOCIICABAIIIOTO UM
BB3MPOU3BEKIaHe, 0e3 a € HeOOXOIUMO HAIMYKMETO Ha JIa3epeH CKeHep; epyna 2 -
KoHurypupaiia vact, upe3 oyrouute [Begin], [End], [Angle] u [Draw Points] ce
MO3BOJIsIBA HACTPOWKA HA BH3yaIM3allMsATa HAa JJAHHUTE OT CEH30pa - 3aJaBaHe Ha Ha-
YajHa ¥ KpaliHa TOYKa HA CKaHUpPaHE, bI'bJl 32 3aBbPTAHE HA CKAHWPAHATA PABHUHA U
BB3MOXKHOCT 32 MPOMsIHA TPa@UUHOTO BU3yAIH3UpaHe Ha IBUYUTE HA CEH30pa; epyna 3
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€ BU3yaJlIM3Hpaliara 4yacrT, MpeactaBsd rpa@uuHo mMojydyeHata WH(oOpmauus OT CKe-
Hepa, 00pabOTEHUTE TaHHU 3a MOJOXKEHUETO U OpUEHTAIMATa Ha poOOTa, KaKTo U ra-
OapuTHHUTE pa3MepH Ha MOMEIIEHUETO, B KOETO III€ C€ U3BBHPIIBA JOKATN3ALUATA.

Working Area

The working area is found 5

Fuis X+ [mm]
Pods X- mm]
Pois Y [mm]

Robot Localization

Cartesian coordinate system

®ur.5. OCHOBEH U3riie] Ha pa3paboTBAaHOTO MPUIIOKEHHE
4. EKCIEPUMEHTAJIHU PE3YJITATH

3a peanuzanmsTa Ha €KCIIEPUMEHTUTE € TMPHIOKEHO COQTYEPHO OTpaHUYEHUE C T
HaMaJsIBaHE CKaHUPAIMAT Bbrbi 10 180°. Peanusupanu ca TpH pasIMdyHA CiIydas 3a
oTpeJieNsiHe TOJI0KEHUETO Ha poOoTa.

W
.
A
AL
A

//Z/// // ; Robot localization

. S e
///Z é’// ) /j v 2000 fom)
e
/ //////// . Working Area

=

3 N

;Www\ e [N o
? Aois X- 713 fmm]
&\‘ \ Aods Y 2386 mm]

a) OO0 u3rien 0) Jleraiinen u3rien
®ur.6. JlokanuzupaHe Npu eHa BUIMMa CTpaHa Ha paboTa

ITvpeuam cayuan e 3a nokanusaius Ha poOota ¢ eaHa BuauMa crpana (¢ur.6). O0-
IIUAT U3IJIe]] Ha CKaHWpaHaTa paboTHa ClieHa € mpejcTaBeH Ha ¢ur.6,a). Ha ¢ur.6,0)
€ MoKa3aHa BUJMMAaTa CTpaHa Ha poOoTa, oTceukata AB, KakTO U M3YUCICHUTE KOH-
TypH Ha poOOTa C HETOBUSAT LEHTHP P.

B To3u cnydail onpeaensHeTo Ha MOJI0KEHUETO CTaBa MOCPEICTBOM JIBE XapaKTEPHU
touku A u B. Cnen nonyuaBaneTo pa3mepa Ha orceukara AB u cbhliocTaBkaTa I ¢ pe-
aHUTEe TabapuTH Ha poOOTa, CTaBa Bb3MOXKHO OMPEACIISIHETO HA KOS OT CTPAaHUTE ce
BIDKJIA (KbCa WM IBJTA).

Mob6umHusAT po6oT uMa KoopauHatd: X' = 6 mm, y' = 2015 mm u ' = 10°, a cnex us-
BBPIICHOTO CKaHUPAHE W W3UYUCIEHUs, KOOpJIUHATU Ha poOoThT ca: X" = 3mm, y" =
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2010mm u 0" = 6° wum 186°. B To3u ciay4ait reabT 0 ce onpees HeeJaHO3HAuHO,
¥Ma JIBE CTOMHOCTH, KOMTO Ca CBbP3aHH C HEONPEIEIEHOCTTa, AN CTpaHaTa € npe-
Ha WK 3a7Ha 3a poboTa.

IIpu cprnocraBsHE HA PEATTHUTE U ITOJYYEHHUTE PE3YJITATH, TPEIIKUTE A OT M3MepBa-
HUATA ca.

AX=X"-X"=6-3= 3mm
Ay =y'-y"=2015-2010 = 5mm
AO=0"-0"=10-6=4°

HonyquHTe I'PCUIKH Ca B paMKHUTC HAa TOYHOCTTA 3d YIIPABJIICHHUCTO HaA p060Ta.

Bmopusam cayuaii noxanusupa MOOHIHUAT poOoT ((ur.7) mpu ABE BUAUMHU CTPaHHU.
N3uucnenusita ca Ha 0a3a Ha orceukutre AB u BC, xouto ca aBe chceHu cTpaHu Ha
npaBObrbIHUKA. M3uncnena e gopmara U mo3unusaTa Ha poO0Ta, IBY3HAYHOCTTA IO
OTHOILIEHHE Ha OPUEHTALMsATA MY CE 3aIa3Ba.

I[Ipu 3amanenu KoopAauHaTH Ha pobora X' = 385 mm, y' = 1053 mm u 6' = 140°, ca us-
ypcienn: X" = 363mm, y" = 1151mm u 0" = 130° um 310°.

I'pemikute OT M3MEpBaHUATA ca:
AX =x"-X"=385-363 = 22mm
Ay =y'-y"=1053 - 1151 = - 62mm
AO=0"-0"=140 - 130 =10°

Robot localization

ad 363 [mm]

: Ye 151 [om]
] Theta 130 | [degre]

- . Working Area

. MdsXs 736 [om]

1 Bodis X- 683 [mm]

- As Y 2370 [mm]

b) O61r u3rmesn 0) [eTaitnen usrien

@®ur./. JlokanusupaHe npu JB€ BUIUMHU CTPaHU Ha podoOTa
[TonydeHuTe IpelIKy ca B PAMKUTE Ha Bb3MOKHOCTUTE HA CEH30pa M PE3yJITaTUTE ca
YIOBJIETBOPSIBALIM 32 TOYHOCTTA HA YIPABIEHUETO Ha poOoTa.

B mpemusam eapuanm (pur.8) ca nmocraBeHu pasjIMuUMK 3a CEH30pa PEIEPH, BPXY
abirata (MpeaHa) U KbcaTa (Js5CHA), KOUTO MO3BOJISBAT /1a C€ ONPEIENH €JHO3HAYHO
OpHUEHTaluATa Ha PodoTa.
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\. ‘t' Robot localization

N\\: % i X 310 fmm]
r 690  [mm]
Theta 247 [degre]
Working Area
Axis X+ 736 [mm]
Axis X- 682 [mm]
misY 2371 [mm]

¢) OOy u3rinen 0) [deraitnen usrien
®ur.8. Jlokanu3upaHe Mpu MOCTABIHETO Ha periepu

Peannu xoopaunatu Ha pooora X' = 330 mm, y' =735 mm u 0' = 350°. CodryepHo
U3YUCIEHN KOOpaUHaTH Ha pobora X" = 310 mm, y" = 690 mm u 0" = 343°

AX =x'-x"=330-310 = 20mm
Ay =y'-y"=735-690 = 45mm
AO=0'-0"=350-343=12°

CJ'IGI[ CPaBHCHHC Ha U3MCPCHATA OTCCYKA C U3BCCTHHUTC HU pasMCpHU Ha po60Ta " Ha-
JIMYUCTO NI OTCBbCTBUCTO HA PCIICPH, pa361/1paMe KOH Ca BUAUMHUTC 3a CCH30pPa CTpa-
HH.

[Tonyyenute X', y' u 0' onucBar €IHO3HAYHO MOJOKEHUETO U OPUEHTAIUATA HA MO-
OWIHUAT POOOT, HEOOXOUMH 32 JIOKATU3AIMATA MY B IPOCTPAHCTBOTO.

H3uucnaenure I'pCHIKHUTC 110 BPpCMC Ha U3MCPBAHUATA Ca CBIIOCTABUMU C I'PCIIKATA Ha
CCH30pa 1 Ca JOIIYCTHUMH 3a YIIPABJICHHUCTO Ha p060Ta.

5. I3BOIN

B crarusra ce u3rpaxaa u aHalnM3upa alrOpUTbM CBBP3aH C JOKAJTU3UPAHETO HA KO-
JeceH MOOMIIEH poOOT B 3aTBOPEHO MPOCTPAHCTBO. 3a Ta3u Il € pa3paboTeH codry-
ep, Upe3 KONUTO Ha Oa3a U3UUCICHUTE KOOPAUHATH Ha poOoTa B pabOTHATA ClieHa TOMN
na ObJie YCIENHO JIOKATM3UPaH.

B J'Ia60paTOpHI/I YCI0BUA € H3rpaacHa CKCIICPUMCHTAJIHA OIIMTHA IMTOCTAHOBKaA ChC
CTaTHU4YHO ITIOCTABCH JIA3CPCH CKCHCP U J1a6opaTopeH OMHHKOJIECEH MOOUJICH pO6OT,
KaTO OIMUTHO € PCAIM3UPAHO JJOKAJIN3HUPAHC B TPH XAPAKTCPHHU CJIy4dasd.

Crnen mpoBEEHUTE €KCIIEPUMEHTH, MOJYYEHUTE pe3yJiTaTh OTroBapsT Ha MOCTaBe-
HUTE 1IEJIM U J]aBaT B3MOXKHOCT 3a ObJiela pa3pad0oTka Ha HaBUTaIUsl HA MOOWIJTHUSIT
po0OoT.
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Cooun?

NOJJOBPABAHE EHEPTUMHATA EOEKTUBHOCT HA ACUHXPOHHU
EJEKTPO3A/ZIBUKBAHUA YPE3 OIITUMU3ALIUA HA MATHUTHUA
HOTOK ITPH YIIPABJIEHHUE

Kamen Xpucros

Pesztome: 3azcybume 6 daden enekmpoosucamen 6 d u ¢ KOOPpOUHAMHU OCU ca OANAH-
cUpauu, Ko2eamo motl e 8 pabomua MmouKka ¢ Hat-MaiKu 3a2you, Kamo 3a Yeima ce u3-
NOA36a pe2ylamop, KOUmo uma 3da 3a0a4a 0a nooowvpaiica momopa 8 Hes. @akmopvm
Ha MOWHOCIMA Modce Coujo 0a OvOe U3NO0N36AH KAMO OCHOBHA YNpAGIsema Geiu-
yuHa 3a onmumusayusn Ha eghekmusnocmma. Cxemume, ¢ ynpasieHue Ha haxmopa Ha
MOWHOCMMA UMAM NPEOUMCMBOMO, Ye Mo2am 1ecHo 0a 6voam cmabuiuzupanu 6e3
0a ce HyaCOasm om npedsapumenna UHpopmayus 3a napamempume Ha 08u2ameisl.
Knrwuoeu oymu: Munumuzayus na 3a2you, pakmop Ha mMowHoCcmma, onmuMu3ayus
Ha eghekmusHocmma.

ENERGY EFFICIENCY AMENDMENT OF ASYNCHRONOUS ELECTRIC
DRIVES BY OPTIMISATION OF THE MAGNETIC FLUX CONTROL

Kamen Hristov

Abstract: Losses in a certain electric drive in d-g coordinate axes are stable when the
drive is a working point where the losses are smallest, which imposes use of regulator
which main task is to keep the motor in that working point. Power factor could be
used as main controllable value for optimising the efficiency as well. Schemes, using
power factor control have an advantage, that they can be settled without the need of
preliminary information about the parameters of the motor.

Keywords: Loss minimisation, power factor, optimisation of the efficiency

1. BBBEJEHUE

3aryOute B aCHHXPOHHHTE JIBUTATEIHN CE€ ChCTOST OT 3aryOUTe B MEATA U KEISA30TO,
HaJMYMe Ha BUXPOBHU TOKOBE, 3aryOM OT XUCTEpe3uc W MexaHuwdnu 3aryou. [locnen-
HUTE ce TPEeHeOperBaT, Thil KaTO ca MajJKUd B CPABHEHHE C JPYTUTE JBE KOMIOHCHTH.
OTunTaiiky T€31 0COOCHOCTH U3Pa3bT 32 CYMapHUTE 3ary0Ou € OT BHJA:

3l [e2 o2 S 62 o2
P:E lys tlas )T+ g +lg JN +C 0, +Coy, 1)

2
KBJCTO . € MOTOKBT BbB BB3ayIIHaTta MexauHa, C, u C;ca choTBeTHO KOehuIu-

CHTHU, OTYMTAIIM XUcTepe3uca u TokoBetre Ha Dyko [1],[4],[5]. [Ipu pabora Ha nBura-
TEJIS C yIpaBi€HHE HAa POTOPHOTO MOTOKOCIEIICHHE B YCTAHOBEH PEXHUM if, =0 H
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. L,
igr = —L— ¢s» KBIETO L ¥ L ca poTopHara ¥ B3aMMHAaTa WHIYKTHBHOCTH. POTOPHOTO
r

IMOTOKOCHCINICHUEC U MOMCHTBHT HA ABUT'ATCJIA MOIr'aT 14 6T),IlaT 3allMCaHu C YpaBHCHHUATA:
e _ He]

l//dr - I—mlds (2)

3 PL, ¢.c 3

e 2 2 L !r//dr gs ( )

CJIGI[ 3aMCCTBAHC Ha YpPAaBHCHMATA 34 POTOPHOTO ITOTOKOCHCINICHHMEC WM MOMCHTA Ha
ABUIaTCJIs1 B YPAaBHCHHATA Ha HAIIPCIKCHUATA, OIMMCBAIIKM ABUIATCIIA C LCI IIPpEMax-
BaHEC Ha CTOMHOCTHUTE 3a CTAaTOPHUTC TOK U ITOTOKOCHCIUVICHUC CC CTHUI'a JO HU3PA3HUTC,
OIIMCBAIIX HAIIPCIKCHUATA U TOKOBCTC B 3aBUCHMMOCT OT MOMCHTA Ha ABUTATCIIA U PO-
TOPHOTO ITOTOKOCHCIIIICHHUC!

=W ar (4)
dr

M M,
de =~ Wa 0, + 8 —"5+8,— 0, (5)

l//dr dr

. M

I S = a5 ee 6
! l//dr ( )
igs = aﬁl//gr (7)

KBACTO dp-de Ca IMTAPAMCTPU HA IBUTATCIIA

L, L, 4 Lm L, L. r, . 160 LL,r, . 4o L,L,
Q=|—"to— |, =l THto = |+0 |} Q=" @ =—F—"1] Q= ;
L L, 3P L, L,) L L O9P° L 3P L.,

r m m m

4 L, 1.

a a. =—
5~ 3PL ° L

m

N3pa3bT 3a hakTOpa HAa MOLTHOCTTA € OT BUJA!

Vs S +Vd sd
COSg = 1 3
\/Ve + \/ifq +i§d2 ®)

2. MOJEJI 3A OIITUMU3AIIUA HA BAT'YBUTE

MogenbT 3a onTUMU3aLKA Ha 3aryOUTe € NMPEACTaBEeH 4pe3 M3MOI3BAaHE Ha LeeBara
dynxmus Iy = f (i), Bkmousama 1Be KOMIOHEHTH HA CTATOPHMSA TOK 32 MUHHMH3H-

paHe Ha 3aryOuTe B MeATa. 3aryOuTe Ha MOILHOCT C€ U3YUCIISIBAT M0 (popmyiara:

Cdiy o dig) L, L iz 4
AR = Gls s d—td *lsq dtq - T—L ralsa 1| I r (Iszd + Iszq) ©)
AP, — min (10)

IIPU yCIIOBHE
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2
my = p_misdi

3 bi,i,, = const (11)

sq sq

r

CwrinacHo Teopemara Ha Jlarpanx, HEOOXOAMMOTO YCIIOBHE 32 CHIECTBYBaHE Ha JIO-
KaJIeH eKCTPEMYM C OTPaHUYCHUS OT TUI PAaBEHCTBA €:

L(isy i, A)= AAP (i, i )+ i;tj h (isy.is, )=0 (12)
j=1

KbaeTo Ay —A; ca MHOkuTenH Ha JlarpaHk, KaTo He BCHYKM ca PaBHU Ha HyJIa.

2

L(isd’isq’ﬂ’o’ﬂl): ﬂ’Ors|:i52d +(1+ » ::m Jiszq:|+ﬂl<isdisq)+b (13)

s—r

Ako iyl © ONTHMAJHO pEIICHHEe, TO CBIIECTBYBAT MHOXHUTENM Ha Jlarpamx
(4,4 )#(0,0), rakusa ue

Llisd = 2/ﬂiorsisd + /’llisq =0 (14)
: L2 ) .
L. =24, (1+ : LTfr jusq + Al =0 (15)
2rsisd + ﬂ’lisq = O (16)
L2
2r{1+ " Lmz' jlsq + ﬂllsq =0 (17)
= —i i
Isd 2rs Isq (18)
2
nfue ),
S I’TI’
R Sy (19)
LZ
=421, |14+
A S rLz, (20)
1
(4 L2 2.
Isd - + rs er_r Isq (21)

2.1. CbCTABSAHE HA MOJEJI B CUMYJAINOHHATA CPEJA
Matlab/Simulink HA CUCTEMATA 3A UHAUPEKTHO BEKTOPHO
YIIPABJIEHUE

Ha 6a3ara na ypaBuenus (14)-(21) e cbcraBeH MOJEN Ha JBUTATEN, OMMCAH B CTATOPHA
KOOpAMHATHA CUCTEMa B cUMyJIalionHaTa cpeaa Matlab/Simulink. Moaenupana e crc-
TeMara 3a MHIUpeKTHO BekTopHO ympasienue (IFOC) - ¢ uaeanusupan HHBEPTOP Ha
TOK (0€3 OTYMTaHE Ha KOMYTAIl[HOHHUTE ITPOLIECH ) C PEIIEHHN XHUCTEPE3UCHHU PEryIaTOPH
U OTpHUIIaTesIHa 0OpaTHA Bpb3Ka 1o poropHa ckopoct (dur.1) [1],[2],[6].
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MeTonbT 3a MHAUPEKTHOTO BEKTOPHO YINPaBJICHHE € CXOJCH Ha METOoJa C JUPEKTHO
BEKTOPHO YIPaBJICHHWE C M3KJIIOYCHHWE HA TOBA, Y€ CE M3IOJ3BAT OICHCHHWTE CTOW-
HOCTH Ha CKOPOCTTa W XJIB3TaHETO. YIPABJICHHETO IO IOJIETO C€ MU3BBHPINBA CIIPSIMO
BEKTOpa Ha poTopHOTO noTokocuerienue [3],[4],[7].

WNupopmanus 3a roreMuHaTa Ha pOTOPHOTO MOTOKOCLEIVIEHHE C€ B3UMa OT HaOJIo-
JaTes, J0KaTo 4ecToTaTa Ha POTOPHOTO IIOJIE CE M3YMCIABA WM OLEHSBA CIPSIMO
CTOMHOCTTa Ha TOBapHMsI MOMEHT. M31mom3Ba ce oTcinabBaHe Ha MOJIETO HA CUCTEMATa
C LIeJI YIIpaBJIEHUE Ha CKOPOCTTA, KOraTo Ts CTaHE MO-ToJsiMa OT HOMUHanHata. [1pu-
Jara ce ynpasieHue B 0-0 koopauHatHa cuctema. OT Te3u 3aBUCHMOCTH MOXKE J1a ce
U3BEJIe CTOMHOCTTA 32 YECTOTATa HA XJIb3TAHE U €JIEKTPOMArHUTHUSI MOMEHT:

a)sl = LmRr isq (22)
v, L
3PL .

e 29 L V., sq ( )

C uen ompocTsiBaHe Ha M3pa3uTe U 0€3 J1a ce OTYUTAT 3aryouTe, BCUUYKU MapaMmeTpu
Ha MOTOpA Cca UACATU3NPAHU C U3KIIIOUEHUE HA CTATOPHOTO CBHIPOTUBIIEHUE U TOBAp-
HUAT MOMEHT, KOMTO Ca JaJIeHU KAaTO HEW3BECTHAa KOHCTaHTa. [IpM MHIMPEKTHOTO
BEKTOPHO YIIpaBJIEHUE CTATOPHUTE TOKOBE c€ M30upat cupsiMo (opmMyiara:

B
u=e”| Ty (24)

B

KbACTO IB € KOHCTAaHTaTa Ha POTOPHOTO ITOTOKOCHCIIIICHHUC.

‘bruIbT HA U3UCKBAHOTO POTOPHO MOTOKOCHCIIJIICHUEC €

A

. R
Pa = ﬂ_rsz (25)

KBIETO R, € KOHCTAHTATA HA OLIEHEHOTO POTOPHO CHIPOTHBJICHHE. V3MCKBAHUAT MO-
MeHT € M, . IIpu cucremu 3a ynpasiieHME Ha CKOPOCTTa Hai-uecTo ce u3nonus3sa 11U
perynaTtop B oOpaTHaTa Bpb3Ka 10 CKOPOCT 3a/1aJieH BbB BHJIA

M, :—(Kp+%j(a)—a)d) (26)

KBJIETO @, € YKellaHaTa CKOPOCT, KOSATO C€ 3aJaBa KaTO KOHCTAHTHA BEJIMYMHA, P €
au(epeHInanHuaT onepartop, a K, u K, ca KoeQUIMEHTHTE 3a HACTPOMKA Ha pery-
jaropa.
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®dur.l. Mooen na cucmema 3a UHOUPEKMHO BEKMOPHO YNPAGICHUE
u 0sucamen 6 cumynayuonnama cpeoa Matlab/Simulink
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®dur.2. Moden Ha noocucmemama 3a npuiaeare Ha 3aKOHUmMe
3a UHOUPEKMHOMO 8eKMOPHO YNPABLeHUe

[Toacucremara (¢ur.2), o3nauena karo IFOC Ha ¢ur.l peanusupa MHAUPEKTHO BEK-
TOPHO YIIPABJICHUE C OPUCHTAIIMS 10 POTOPHOTO MOTOKOCIICIUICHHE, KaTO 3a/1aBa yec-
TOTaTa Ha XJI'b3raHe Ha POTOPHHS MOTOK CHPSIMO POTOPA, MO 333 ICHUTE CTOHHOCTH
Ha MOJyJla Ha BEKTOpPa Ha POTOPHOTO MOTOKOCICIUICHHE M JKEJIAaHUS BBPTAII MO-
menT[8],[9],[10]. BoHIiHHAT KOHTYp € o poTopHara ckopocT u [T1]] — perymaTop ¢
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OTPaHUYCHHUE HA U3XOJHOTO HAIIPEKEHHUE, T.C. HAIULE € OIPAHUYCHUE HA 3aJaHUETO
3a BBPTSII MOMEHT, a CJIEJIOBATEIIHO U HA CTATOPHUTE TOKOBE ((ur.3).
30

20 Wm'u
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isalfa, [A]
o
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-30
0 0.5 1 1.5 2 2.5 3
t, [s]

®ur.3. Cmamoper mok 6v6 ¢aza o

3. U3CJIEABAHE HA CUCTEMATA C BBbBEJAEHA OBPATHA BPB3KA
1O TOK C HEJI HIOBUITABAHE HA EHEPITHTUHATA E@EKTUBHOCT

CJICJI MMPOBCACHU CUMYJIAIIMOHHU HU3CIICABAHUA HA CUCTCMATA U YCTAHOBCHO ITIOBCAC-
HHUC Ha MOICJIMpaHAaTa CUCTCMaA 3d MHAWPCKTHO BCKTOPHO YIIPABJICHUEC, C LCJI IIOBU-
maBaHC KAUCCTBOTO Ha IMPOLCCHUTC U ITOBHUIIABAHC Ha eHeerﬁHaTa G(I)CKTI/IBHOCT oe
BBBCACHA o6paTHa BPBb3Ka I10 CTATOPCH TOK, B3UMaAIlla I/IH(bOpMaIII/ISI OT CbCTaBHATA HA
TOKa |d , KOATO CC M3II0JI3Ba 3da U3YUC/ISIBAHC HAa POTOPHOTO ITOTOKOCHCIIIICHUC. To ot

CBOSI CTpaHA y4acTBa BbB (DOPMHUPAHETO Ha BIIIOBATA MO3UIUSA €, KAaKTO U BBB (pop-
MUPAHETO Ha CUTHAJIY, U3M0JI3BaHU 3a oOpaTHata Tpancopmarus Ha Kinapk.
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®ur.4. broxosa cxema nHa cucmemama 3a l/lHaI/lpeKl’l’lHO 6EKMOPHO ynpdaesJjleHUue C 6=
6e0eHa OONBIIHUMENHA 06pammz B8PBb3KA 3d HAMAZHUMeAwus nok.
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®ur.5. benosa ckopocm Ha dgueameis 8
ONMUMUSUPAHAA CUCTEMA

3a 1enuTe Ha CPAaBHUTEIIHUS aHAJIU3 HAa OMUTHUTE JIaHHH Ca NTOKa3aHU CUMYJIAIUOHHU
pe3yaTaTh OT MPOBEACHUTE EKCHEPUMEHTU MPHU JABETE CUCTEMU (MpEeau U CIlel Bb-
BEXKJaHE Ha oOpaTHa Bpb3Ka KbM HAMArHUTBAIIUS TOK).
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®@ur.9. [Ipexoonu npoyecu Ha ckopocmma Ha 08ucameis
npu 0eeme cucmemu npu 50 rad/s

4. 3AKVIIOYEHHUE

OT pe3yaTatute OT MPOBEJACHUTE CUMYJIAIIUU MOXKE J1a ObJie HAMIPaBEH U3BOJ, Y€ MPHU
I'bpBOHAaYaTHATa MOJEIMPAHA CUCTEMA MIPEXOAHUST MPOIEC HA CKOPOCTTA HA JBUTa-
Tens ce ycraHoBsia ¢ 0,3 s mo-0aBHO, a MpeperyIupaHeTo € ¢ 2% Mo-TOJSIMO, CIIPSIMO
onTUMHU3UpaHaTa cuctema. [Ipy ONTUMHU3UPAHETO HA CUCTEMaTa MPHU MIbPBOHAYATHO
pa3BbpTaHE Ha JBUTATENsl ce HaOJto/aBa MO-TOJISIMO MpEperyiupaHe, 3a CMEeTKa Ha
no-0Obp3ara peakiusi Ha peryjaToOpuTe U ChbOTBETHO MO-OBP30 JOCTUTAHE JI0 YCTaHO-
BeH pexuM (¢ur.6). TOKbT B cTaTOpHATa HAMOTKA € MMO-MAaJTbK CJIe/ ONTUMHU3UPAHETO
Ha cucremata (dur.7). [Ipu ckopoctu ot 100 rad/s u 50 rad/s npexoaHUAT mpoIEeC Ha
CKOpPOCTTa Ha ONTUMHU3HMpPAHATa CHUCTEMA € C IO-TOJIIMO BpPEME 32 YCTaHOBSIBAHE
(0.3s), a mpeperynupanero ¢ HamaneHo ¢ 10% crnpsMo mMbpBOHAYATHO MOJIEIMPAHATA
CHUCTEMa, KOETO BOJW JO OrpPaHWYAaBAHE HA TOKA B CTAaTOPHUTE HAMOTKHU ((wur.8,

¢wur.9).
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YIIPABJIEHUE HA ACUHXPOHHM EJIEKTPO3A/IBU’KBAHUA
C MATPUYHU MHBEPTOPU

Baagumup Xpucros

Pe3rome: Bnacmoswama cmamusi ca pasenedanu MampuyHu UH8eEpmopu 3a ynpasienue
HA ACUHXPOHHU eNeKmpOo3a08udICeanust. Mampuunume uneéepmopu npeocmasiisam Hog
K1aC UHBEPMOPU, KOUMO CIYHCAm 3a npeobpasyeane Ha HanpexdceHuemo OUpeKmHo om
NPOMEHIUBO 6 NPOMEHNUBO Hanpedcenue. [Ipu max auncea usnpasumenHama 4acm, Kak-
Mo npu KOHBEHYUOHATHUME YeCTNOMHU UHBEPMOPU, KOemOo 2U NPpasu aKmyaiHu 6 eHep-
eocnecmsaeanemo Ha enepaus. Hanpaeen e 0630p u ananusz na éudogeme memoou 3a Ko-
Mymayus Ha noJynpo8oOHUKOBUmME KIl0Y08e, KAKMO U HA eudoseme YNpaeieHus u3-
NOJI36AHU NPU MAMPULUHUME UHEEPIODU.

Knwuoeu oymu: mampuunu uneepmopu, 8pvbuiane Ha eHepeusl, 6eHmMypUHU, YUKIOKOH-
eepmopu

CONTROL OF ASYNCHRONOUS ELECTRIC DRIVE
WITH MATRIX INVERTER

VIadimir Hristov

Abstract: This article discusses matrix inverters for controlling asynchronous electric
drives. Matrix inverters represent a new class of inverters that serve to convert the
voltage directly from AC to AC. They lack the rectifying part of conventional fre-
quency inverters, which makes them more energy-efficient. An overview and analysis
of the types of switching methods of the semiconductor switches and the types of con-
trols used in the matrix inverters are made.

Keywords: matrix invertor, backto energy, venturini, cyclokonvertori, cycloconverters

1. BBBEJAEHHUE

MaTpuyHUTE UHBEPTOPH Ca BUJOBE YECTOTHU IPE0OpazyBaTeNn, KOUTO Mpeajarar pa-
00Ta ¢ U3KIIOUYUTEITHO HUCKU XapMOHHUIH, Bucoka edextuBHocT Ha AC-AC mpeoOpa-
3yBaHETO M MKOHOMHUS OT MO-HUCKA KOHCyMaIHsi Ha €Heprusl U Mmo-Maiku 3aryon. Ka-
TO ISUI0 MAaTPUYHUTE TIpeoOpasyBaTenn ca TpuQa3Hu M3KYCTBEHO KOMYTHpPaHU ITHK-
JIOKOHBEPTOPH CBBHP3aHU KbM TpHdazHa Mpexa. M3rpajeHn ca oT 1eBeT IBYNOCOYHH
KJIF0Ya CBBP3BAIM BXOHUTE U n3xoAHuTe a3u. Ha ¢ur.1 e mokazaHa ocHoOBHaTa cxe-
Ma Ha MaTpuyHus npeodpasysaten [2,9]. OcHOBHATa TOMOJIOTHS HA MAaTPHYHUS TIpe-
oOpa3yBaresl € MbPBOHAYAIHO NpejacTaBeHa mpe3 1976-ta ronuna ot I'myru Ilenw,
KaTO YIpPaBJIEHUETO M KOH(UTypalusTa ce npeactasit ot Bentypunu npe3 1980-ta.
Torasa 3amoyBa ga ce yBenu4aBa U MHTEPECHT KbM TUPeKTHOTO YyecToTHO AC-AC mpe-
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oOpa3yBaHe M ce pas3riexkaa KaTo eeKTHBEeH Ha4YMH 3a Ipeodpa3yBaHEe HaA €NEKTpH-
YECKH MOIIHOCTH NpH TpU(a3HU EIEKTPO3aIBMKAHUS C HEMPEKbCHATO 3aXpaHBaHE,
IPOMEHITNBA YECTOTa W KOHTPOJT Ha yripaBienueTo [2,10].

Ll
Suani” A
Sac
& Sgs
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b Say,_~ B .
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[ Sa, 3 gran—
Sce LTI T
®ur.1. Cxema Ha TpudazeH MaTpuieH ®ur.2. MatpuyeH
npeodpa3yBared. uaeptop U1000

Ha ¢ur.2 e nokazan mojnen Ha marpudeH uaBeptop U1000 Ha pupmata YASKAWA,
KOMTO e mycHAaT B MacoBapoaaxoa [5]. CpaBHsBaiiku ro ¢ koHBeHIIMOHaHUTe AC-DC-
AC yecTOTHH UHBEPTOPH, MATPUYHUST UHBEPTOP € C JI0CTa MO-T00pH XapaKTEPUCTUKU
KaTO OCHOBHHUTE MY MPEAUMCTBA Ca: MO-YUCTa EHEPIrHsl U U3KIIOUUTEIIHO YHUCTU Xap-
MOHWUITY Ha BXOJIa Ha peryiaTopa; Bucoka epekruBHOCT Ha AC-AC nipeobOpasysane, 63
nocTossHHOTOKOBa DC BpBb3Ka; mecTeHe Ha eHeprusl TOCPEICTBOM BphIIIaHE HA EHEPTHS
MIPY CIIUpaHe; UKOHOMHUS OT TO-HMCKa KOHCYMAaIlds Ha €HEPrUs W MO-MaJIKu 3aryou;
MO-MaJIKO BpeMe 32 MOHTaX U OKabeJsiBaHe; TI0-MaJIKO YaCTH 3a MMO-BUCOKA HAIEKTHOCT
[5]. MatpuunusT npeoOpa3yBaTen MOJAbpPKA YUCT CHHYCOMJAJICH TOK W Tpejiara
MHOT0 MO-HaAeKHa 1 Oe301macHa paboTa Ha cUCTeMaTa, B CpaBHEHUE C KOHBEHIIMOHATI-
HUAT YeCTOTEH HHBEPTOp. OCHOBHUTE HEAOCTATHIIN HA MATPUIHHAT MpeoOpazyBartel ca
OrpaHUYEHUETO Ha BXOHO-U3X0AHOTO Hanpexenue (0.866) u mo-ciioxkHOTO yrpasJie-
HUE, 32 KOETO TpsiOBa J1a ce B3UMAT MEPKH 32 KOMYTaIlUATa U 3alllUTaTa, KaKToO U MO-BU-
cokaTalieHa. BppHaTaTa eHeprus MoKe Jja ce U3M0JI3Ba 32 OCBETICHNE, BEHTWIALUS U
npyru KoHcymaTopu. CaMuTe KOHBEPTOPH ITPUTEKABAT IMO-HUCKA KOHCYyMaIlus Ha CHep-
TS CIIPSIMO KOHBEHIIMOHATHUTE KOHBepTOpu. Ha ¢ur.3 ca nmokazanu cxemaTH4IHO OC-
HOBHHTE MPEAUMCTBA M MPHUJIOKCHHSI HA MATPHYHUTE HHBEpTOPH [5].

2. METO/IU 3A YIIPABJIEHUE HA MATPUYHU UHBEPTOPHU

e Mertoa Ha BeHTypuHH
Tosu meTon 3a ympaBieHue € 6a3upaH Ha MaTeMaTHYECKH MOAXO0]I 33 aHAIM3 Ha Tpe-
naBatenHata GyHkuus. [Ipu qageH HaOOp OT BXOHU HAIPEKEHUS C TIOCTOSITHHA aMIl-
mutyna U; u gectota fi=wi/27, ce mpaBsT U34KCICHHUS 3a MPEBKIIIOYBAHE HA JEBETTE
JIBYTIOCOYHU KJIFOUa BBB BepUTaTa M C€ TeHepHpaT Tpuda3sHUTE U3XOTHU HATPEIKESHUS
Yype3 MOoCIeA0BaTEIHO B3eMaHe Ha MPOOU OT BXOAHHUTE BBJIHU. Te3M M3XOJHU Harpe-
xenust U, creaBaT mpeaBapUTEIHO ONpeeieH Ha0op OT kenaHu (GopMHU Ha Harpe-
KEHUE C BXOJHHUTE TOKOBE lj, KbJIETO BIIIOBATA YECTOTA i TPSOBA 1a Oble BHB (haza
3a ChbBMECTUMOCT Ha MEXAUHHA pasnpeaenutenta miatka-l1DF wim che cienuduyeH
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BI'bJI 32 KOHTpONUpane |DF [3].
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®dur.3. Cxemu OIIMCBalIX OCHOBHHTC ITPOLCCH ITPH pa60Ta C MAaTPpHUYICH NHBCPTOP.
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3a OCTUTaHETO Ha TE3HM XapaKTCPUCTUKH Ca HYKHH OIpPEACICHH (GOPMYIH U ChOT-
HOIIICHUS MEK]Ty BXOJHHUTE U U3XOJHUTE TOKOBE M HAIIPSIKEHUs, a UMeHHO [2,3,8,9]:
Up1 (1) myq (1) my(8) mys(t) Ui (t)
Up2(t) | = | Moy (8) maa () mas(8) | X U2 (D) ] (1)
Ups(D)] | m31(8) mya(6)maz ()| | Uiz(t)]
I;1 (1) myq () my () msq () Iy, ()
Ip(O) | = [ mq2(t) maa () ma () | X [Lo2(D) | (2)
Iis(D)| | mas(t) mas(t)ma ()] [Lo3(D))
KBJIETO Mjj ca eIEMEHTUTE Ha MAaTPHLATA 32 MOJYJIalus IPEICTaBIsABAIlU PAOOTHUTE
UK Ha MPEBKIIOYBAaHE Ha M3XOjHaTa ¢a3za | U BXoAHATa (a3a | B MHTEpBala Ha
IpEBKIIOYBAaHE Ha efHa mpooda [2,3,8,9]. Enementure Ha mMaTpuuara Mj; UMaT Ciea-
HUTE OIPaHUYCHUS:

0< ml](t), Z}Q-’:lmij =1, (l = 1,2,3)
3a HacTpOWBAHETO Ha JKEJIAHOTO HAINPEKCHHE, 32 JOCTUTAaHE Ha MaKCHUMaJlHa CTOM-
HOCT Ha HampexeHue 3a cbBMecTMOCT Ha IDF ce m3nonssa (3), kpaero: Ugy 1 Uiy, ca
KCTAHUTE HAMPEKEHUS MOJIYICHH OT ChOTBETHATA BIJIOBA YECTOTA W, U M.

Uy, (t) CoOSw,t cos(3w;t) cos(3w,t)
U,,(O)| = U,,, |cos(w,t — 120°) +Uf% cos(3w;t) —U‘;m cos(Bw,t)|, ()
U,y3(t) cos(w,t — 240°) cos(3w;t) cos(3w,t)

3a 51a e U3MBJIHEHO YCIOBUETO 3a chBMecTUMOCT Ha IDF, To mpeobpasyBanara ¢op-
MyJia 3a MaTpuilaTa Ha MOAYJalus €:

m;; = é{(l + 2qcos(w;t — 2(j — 1)60°) X [cos (wot —2(i—1)60° + ziﬁcos(Bwit) —
%cos(3wit)] - 32% [cos(4w;t — 2(j — 1)60° — cos(2w;t — 2(1 —j)60°]}
(4)
q = Uosm/Uim.
To3u meTon ce 6a3upa Ha AUPEKTHA IpenaBaTesHa (YHKIHUS KaTo Ce U3MOJI3Ba MOJY-

JalOHHA MAaTPHUIla HA MATPUYHUS IPeoOpazyBaTet, M3IM0JI3Ball KOMOMHALIMY Ha TPEBK-
JIIOYBAHE U OT TPUTE IPYIH.
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e Mertoa ¢ BeKTOpHA MOYJIAllUA
MeToabT ¢ BEKTOpHA MOJTyJIallks MPEJCTaBIIsABA YIIPABICHUE C IUPOUYUHHO UMITYJICHA
MOJIyJaIusi, KOETO BOJIM JI0 TO-BUCOKO HAIMPEXEHUE U MO-MaJIKO pa3ceiiBaHe OT XapMo-
Huiy. [Ipu ToBa ynpasieHue TpudasHUTEe BXOJHU TOKOBE M U3XOJHHU HAIPEKEHUS ca
HpEeCTaBEHU KaTO BEKTOPH, KOUTO MOT'AT J]a CE OIUILIAT ChC ClieHUTE ypaBHenus [1,4,8]:
j 27T
X = x4 +jxq=§(xa+axb+d2xc); dze]T, (5)
[Ipu ycnoBueto X,+Xp+X.=0, BekTopuTe 3a pazuTe MOrar Jia c€ ONMUIIAT C ypaBHEHH-
ATa:
X, =x'1, x,=%-0a, x, =Xx-az . (6)
Axo cucTtemara e mpeJHa3Ha4YCHA 3a MEPHOANYHO YIpaBiieHHe ¢ nepuon 1=27/w, T0
BEKTOPUTE ChHILO LIe OBAAT C MEPUOJUYECH XapaKTep U MoraT Jia ObJaT pa3jiokKeHH B
pen Ha Dypue [2,4]:
X(t) =252 X ekt X, = %fOTJE(t) e Jkotdge: k=0,+1,42,...,00. (7)
Ha ¢ur.4. e noka3ana cxema Ha MaTpudeH npeoOpazyBaTesl ¢ U3Pa3eHUTE MOCOKU Ha
TOKOBETE U HAIIPEKECHUTA 32 BCsAKA (paza.

C ImoMomiTa Ha YpaBHCHHCTO (5) MOrartr ga €€ OIIMIIAT BCKTOPUTC Ha CHUCTCMATa II0
CJICOHHS HAYHH:

By = = (Vap + AV + Beq) = ;)40 (8)
Vo = %(UAB + Guge + @*vcy) = v, (£)e/%® 9)
L == (iq + @iy + a2ic) = i;()eFO (10)
To = = (ia + @ig + @2ic) = iy(£)eFo® (11)

kbaeTO: Vi(t), Vo(t), 1 1 Io(t) ca BpemeBHTE BeTMUMHM HA BEKTOpHUTE, A0KaTO ai(t), ao(t),
Li(t), Bo(t) ca choTBeTHUTE UM (ha3oBH BIH [4].
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®ur.4. Cxema Ha TpudazeH MaTpuieH mpeoOpa3yBaTes

[lenta Ha TO3M ANTOPUTHM € Ja C€ TeHEpUpaT KeJaHHUIT U3XO0CH JIMHEEH BEKTOp V, U
BEKTOPBT Ha BXOAHHS (a30B BI'bI i, KOHTO BiMse HA (akTopa Ha MONIHOCTTA [2].
Baxno e nga ce otOenexu, e P € enuHCTBEHUS (a30B BI'bJ, KOWUTO MOXE Ja Ce Y-
paBisiBa B MATPUYHUS MpeoOpaszyBaTell, a TOBa ce IbJKU Ha (akTa, ue mpeodpasyBa-
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TEJISIT HIMa KOMITOHEHTH 3a BBTPEIIHO ChXpaHeHue Ha eHeprus [2,9]. B cieacrsue ot
TOBa MOMEHTHATa MOIIHOCT Ha BXOJla Ha MpeolOpa3yBaTelid € paBHA HA MOMEHTHaTa
MOIIHOCT Ha U3X0/a. ToBa paBEHCTBO MOXKE Jla CE€ OIMIIE YPe3 BEKTOPH IO CICAHUS
HayuH, okaszaH ¢ (12)

3_

Pi=38 L =D, (12)
KBJCTO €; € BEKTOpa Ha BXOJHOTO HANPEKEHUE KbM HEyTpallaTa U ce u3passiBa C I0-
MoinTa Ha ypaBaenue (13):

g, = %ﬁie‘fz . (13)

Ot paBencTBoTO (12) MOXe /1a ce YCTaHOBH, Y€ 3a JaJeHU BXOJHU U M3XOIHH MOIII-
HOCTHU CBIIIECTBYBAT 0€30poii MHOTO peleHHs 3a BEKTOpa Ha BXOAHUA TOK. ToBa o0a-
Yye MOXKeE Jla Ce TIPOMEHH aKO C€ M3IMOJI3Ba MPaBIIIHA MOy IAIUs Ha Tpeodpa3yBaTeds,
KaTo MO TO3W HAaYMH MOXe Jaa ce aeduHupa BXOAHHS (Pa3oB BIBJI, C MOMOINTA Ha
KOHTO PaBEHCTBOTO 3a OajaHca Ha MOIIHOCTHUTE, L€ OCUTYPH IIBIHOTO OMPEACIITHE
Ha BEKTOpa Ha BXOIHHS TOK [2].

3. METOIH 3A KOMYTALIUSA ITPU MATPUYHUTE UHBEPTOPU

3a OIIPCACIIAHCTO HA IMPABUJIHUTC MCTOOIH 3d KOMYyTallUd IIpU MATPUIHHUTC Hpeo6pa-
3YyBaTCIIn MOZKC 1a CC U3II0JI3BA OCHOBHATA CXCMd Ha CBBP3BAHC 3a CIHA OT (baSI/ITC Ha
Hp606pa3YBaT€J'I}I ITIOKa3aHa Ha (1)1/11“5 [Iokazanu ca TpH OT O6HIO ACBCTTC ABYIIOCOYHH
KJI049a CBbpP3aHHd B MaTPUYIHUA Hpeo6pa3yBaTeJ1.

Sk BSI

Input 2 — Output
Phases ? Phase
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183,
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®ur.5. OcHoBHa cxema Ha Tpuda3eH BX0J KbM €/THa N3X0/IHA
¢daza Ha MaTpuUeH NMpeoOpa3yBaTe

[TapayiennHo CBBbp3aHUTE MOJTYIPOBOIHUKOBH KiF0Ua ca 0003HAYCHU ¢ MHACKCHU I 1 d,
MOKa3BaIllM MMOCOKATa HAa M3XOJTHHS TOK, KOSITO € ChOTBETHO IUPEKTHA WM oOpaTHa
OT BXxojJa KbM u3xojaa [2]. BsB Bpb3ka ¢ ¢ur.5, korato n3xoaHara ¢asza TpsOBa aa
ObJe KOMyTHpaHa OT €Ha BXOJaHa (a3a 10 Apyra, TpsSOBa BHHATH J]a CE CMa3BaT JBE
NpaBUjIa, HE3aBUCHMO OT M3MOJI3BAaHUAT METO/I 3a KoMmyTtanus [2,6]:

[TppBO, KOMyTalKsATa HE TPSAOBA J1a MPUUYUHSIBA KBCO ChEIMHECHUE MEXTY JIBETE BXOTHH
¢dazu, THi KaTo MOCJIEIBAHUAT TOK OT TOBA MOJKE /1a € TBBP/IE BUCOK U J]a YHUIIIOKH KITIO-
yoBeTe. BTopo, kKoMyTanmsiTa He TpsiOBa Ja MpUYHMHSIBA MPEKbCBaHE HA M3X0Ja, 3a-
IIIOTO TMOCJIEABAIIOTO HANpEeKEeHHe MOoXke na nedextupa kirouosere [2,6]. 3a nma ce
U3MBIHAT T€3U U3MCKBAHMS € 3abJKUTETHO MO3HABAHETO Ha yCIIOBUSATA 3a KOMYyTa-
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. 3a JAa ce U3BbPIIM Oe30MmacHa KOMyTalus TpsOBa a ce U3Mepu HAIpeKEHUETO
MEXIy ABYNOCOYHUTE KIHOYOBE WM U3XOJIHHUS TOK. Te€3n AaHHM ca HYKHH, 3a Ja Ce
Onpeaeny MPaBUIHATA MOCIEAOBATEIIHOCT OT KOMOMHAIMUTE 3a MPEBKIOYBAHE HA
yCTpOMCTBATa, KOUTO HE BOASAT JI0 ONMACHOCT HUTO OT KbCO ChbEIUHEHHUE, HUTO OT Ipe-
TOBapBaHE U OCUTypsBaT O€30MacHa KOMyTalUsl Ha U3XOAHHS TOK. ToBa ca OCHOB-
HUTE NPUHLUIN Ha AEUCTBUE, 32 BCUUKH METOAM Ha KOMYTalUs IPEIJIOKEHHU B JIUTE-
patypara.
e Mertoau 3a KOMyTalMsl OCHOBAHHM HAa U3MEPBAHMS HA U3XOHHUS TOK
3a OChIIECTBIBAHETO HAa KayeCTBEHA M Oe30macHa KOMYyTalusl ca HYXXHH TOYHU U3-
MEpBaHUA Ha U3XOJIHUA TOK. MIMa HIKOJIKO METO/a 332 U3MEPBAaHE Ha TE€3H JAHHH KaTO
TYK I1I€ ObIAT IPEICTABEHH [IBA OT TAX: YETUPHUCTEIIEHEH METO]T 38 KOMYyTalUs U JIBYC-
TENeHeH MeToa 3a KomyTanus [2,6]. [Ipu detupucTeneHHUs METOA HAa KOMYTaIus,
NPUHIUIBT Ha ACHCTBUE € TaKbB, Y€ KOraToO M3X0oAHaTa (a3a € CBbp3aHa KbM BXOJIHA
¢aza, 1BaTa TpPaH3UCTOpa HA JNAJACHUAT K04, TpsAOBa Aa ObAar BkItodeHH. [lopaau
OrpaHUYECHOTO BPEME 3a BKJIIOUBAHE M M3KIIOYBAHE HA TPAH3UCTOPUTE, KAKTO U pas-
JIMKaTa MEXY MPEAaBaHETO HA TEXHUTE MEUT CUTHAIN, KOTaTO € HY’KHO KOMYTHPaHe
Ha U3XO0JHa (pa3za MEXIy BXOJHUTE JIMHUHU, HE € BB3MOKHO €IHOBPEMEHHOTO H3K-
JI0YBAHE Ha €/IMH KJIIOY U BKJIOYBaHE Ha JApyr. To3u mpobiieM ce peliaBa upe3 BHU-
MaTEJIHO YIpPAaBJICHWE Ha TMPEBKIIOYBAHUATA, KaTO CE M3MOJ3BAaT caMo Oe30macHU
KOMOMHAIIUM 32 NPEBKIIOYBAHE HA ChCTOSIHUATA Ha KitodoBere. B T1abn.l. ca moka-
3aHH 0€30MaCHUTE KOMOWHALUU, ChOTBETCTBALIM HA 3HAKA OT U3XOJHHMST TOK.
Tabauua 1.
Cnucbk Ha 0e30MacHd KOMOWHALIMY 32 MPEBKIIOYBAHE
Ha CBCTOSHUATA MPU TpUda3eH BX0J KbM €IHa OT (azute

State Sl SI, S2, S2, S3, S3, Sign |

15 (4] 0 O i O

CobcTosiHUSITa HA KOMyTaTOpUTE ca 0003HaueHu ¢ 1 npu BKIIOYEH U 0 MPpU U3KITFOYEH.
Tps6Ba na ce orOGenexu TOBa, Y€ CHCTOSIHUATA Ha MpeBkitouBaHe 1,2 u 3 ca 6e3yc-
JIOBHU CBHCTOSIHUS, ThI KaTO T€ MOraT Jia ChIIIECTBYBAT HE3aBUCUMO OT TEKYIIMS 3HAK
Ha TOKa, JOKAaTO OCTAaHAJIUTE ChCTOSIHHS BeUe Ca YCIOBHHM U 3aBUCST OT 3HaKa Ha U3-
xoaHus Tok [2]. TIpexoabT Mexay MPEeBKIIOYBAHETO HA CHCTOSHUATA MUHABA IMPE3
MOCJIEIOBATEIHOCT OT MPEBKIIIOYBAHE HA HIKOJIKO YCIOBHU ChCTOsiHUA. Karo 3a mpu-
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Mep, B CIIy4ai, 4e ce M3UCKBAa KOMyTaIus OT cbeTosiHue 1 10 3 m u3xoaHust 1ok |, e mo-
JIO’KUTEJIEH, TIOCTIE0BATEIIHOCTTA Ha MPEBKITFOYBAHUATA CE CHCTOU OT CIICTHUTE YSTUPHU
creikd: M3xmrousane Ha S1,; Bkirousane Ha S3,; MskimrouBane Ha S1,; Bxirousane Ha
S2;. Ilo chIUAT HAYKH, aKO U3XOIHUST TOK |, € oTpHIaTeseH, To Mociae10BaTeIHOCTTa
Ha PEBKJIIOYBAHMTA 1€ ciienBa pena: M3kmouBane Ha S1y; BrimouBane Ha S3;; U3k-
mouBaHe Ha S1; BkimrouBane Ha S3g. [Ipu koMyTHpaHeTo Ha U3XOIHUAT TOK OT BS1 1o
BS3 (¢ur.5), mocienoBaresHOCTUTE Ha MPEBKIIIOYBAHE HA ChCTOSHUSATA BUHATH Ca CHU-
METPUYHHU 3a Jia ce rapaHTUpa ACHCTBUTEIHATA MTOCJIEI0BATETHOCT Ha MPEBKIIIOYBAHU-
ATa Ha TPAH3UCTOPUTE, CE BMbKBA KPATKO 3aKbCHEHUE MEKTY TOCIEIOBATEIIHUTE CThII-
ku. Ha ¢ur.6. e mokazana yeTuprcTeIeHHATa CXeMa Ha MPEBKIIIOYBAHE HA TPUTE KITH0Ya
[2]. TIpu yeTHpUCTEICHHUAT METOJT 32 KOMYTAIlMsI HE Ca HY)XHU 3HAYUTEIHU Xapy-
EpHH M3UCKBAaHWS, OCBEH ypeJl 3a ONpeAeiTHe Ha MOCOKAaTa Ha M3XOIHUS TOK. MeTo-
IbT W3BBHPIIBA O€30MMacHAa KOMyTaIlus Ha W3XOIHUS TOK W HE c€ HyXIae OT J0-
IIBTHUTEIIHA aMOPTU3HUPAITH MpEeXH. [I[peBKIIOYBaHETO HA CHCTOSHUATA W HACTPOU-
KaTa Ha BPEMETO 3a 3aKbCHEHHE MOXKE Ja OBJC JIECHO OCHINECTBEHO OT JIOTHYCCKHU
ycrpoiictBa kato FPGA u CPLD. BTopusT meTos 3a KOMyTalus € C ABYCTEIEHHO 13-
MepBaHe Ha U3XOHHS TOK. 3a J]a MOKe MO-JIECHO JIa C€ aHaJIN3Kpa TO3U METO/I ITIE CE U3-
M0JI3BAa OMIPOCTEHATA CXeMa 32 KOMYyTallus MoKa3aHa Ha ¢ur./.

| S1,81,52,82,83,83

L0 |1 1000 0] IL<0

I Step 2 -ty I
I Step 3 -ty I
“\\\\ Mm44w/////

®ur.6. Cxema Ha YETUPUCTENIEHHO MTPEBKIIOYBAHE HA ChCTOSHUATA
Ha TpU ABYMOCOYHM Kitoua — BS1+-BS3

ﬂ— ‘ Y, ) N

I.=0

T-] BS2 0 '/-l l 0
82y I I 0

Q) 0 0

= 0 %4 1
®ur.7/. OCHOBHA Bepura 3a KOMyTalus ®ur.8. Cxema Ha JBYCTENEHHO MPEB-
HAa JIBa JIBYMIOCOYHU KJIIOYBAHE HA ChCTOSHUATA HAa JIBA
KJIF04a JBYTIOCOYHHM KJitoua — BS1+-BS2
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[lo oTHOmIEHHE Ha cxemaTa OT (ur./, OCHOBHATa UJEs Ha METOoAa 3a OEe30MacHOTO
KOMYTHpaHE Ha U3XOJHUS TOK € Ja Cce MOJAbPKAT U3KIIOUEHU TPAaH3UCTOPUTE, TIPE3
KOUTO He mpoTuya Tok. [Ipu To3u Tunm KomyTaius, u3xoaHara (a3a € CBbp3aHa KbM
chiiata BxonaHa (aza. [lo oTHOMIEHHE HA YETUPUCTETICHHUST METO], TO3H METOJ NMa
PETUMCTBOTO OT TTO-MaJTbK OpO CTHIIKM 32 MPEBKIIOYBAHE U CIICIOBATEITHO T0-0Bp3
IpOIEC Ha KOMYTAIHsl, KOWTO MOI00psIBa yIPaBICHUETO HA M3XOAHATA MO Ty JIAIIH.
Ha ¢wur.8. e moka3zana cxema Ha JBYCTCTICHHO IMPEBKJIIOYBAHE HA CHCTOSHHATA HA
JIBYIIOCOYHHUTE KJIIOUOBE CBBbp3aHU BBB Bepurara ot ¢wur./. Ha ur.7 xomOuHamuure
OT MPEBKIIIOYBAHUS, KOUTO Ca OTpajieHu ¢ yaeOeneH mpudT He ce MPOMEHST IIPH KO-
MyTtanroHHuA rporec [2]. Ha ¢ur.9. e nokazana Mmoguduimpana cxema 3a mpeBKII0YBa-
He HaTa3u oT ¢ur.8. To3u mogoOpeH MeTo1 OCHIIECTBsABA Obp3U U O€30MacHU KOMYyTa-
IIUH, HO M3MCKBA M3MEpPBaHE HA HAIMPEKEHUETO Ha KOJIEKTOP-EMUTEPA, KOETO MOCTAaBs
HSIKOW OTPaHUYCHUS BBPXY TEXHOJOTHYHATA peann3alius u ce m3nbiHsBa Ha FPGA koH-
Tponepu [2].
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®ur.9. Cxema Ha MOIUGUIIUPAH METOJT 32 KOMYTAIIHS C IBYCTEIIEHHO
IIPEBKJIFOYBAHE HA ChCTOSIHUATA HA JBA IBYNIOCOYHU KIJIKOUYa

e MeToau 3a KOMYTallMsl OCHOBAHU HA U3MePBaHe HA BXOHOTO HaNpesKeHue
OcHoBHaTa ues HAa TO3W METOJ € Ja BB3MPOM3BEKIA CHIIUTE paOOTHU YCIOBHUS Ha
KOMYTAITMOHHUS TIPOIIEC, KAaKTO MPH TPaAUIMOHHUTE npeobdpasyBarenu ¢ DC-Bpb3Ka,
KBJICTO BPEMETO 3a MPECTON Ha KOMYTAalUATa, MOXE JIECHO Ja ObJie OMOJI30TBOPEHO,
Mopajii aBTOMAaTUYHOTO CHUHXPOHMU3UPAIIO JNCUCTBHE HA CBOOOJIEH XOJ HA JUOJUTE
[6]. 3a na ce mocTurHe Ta3M 1€, HAMPSIKEHUATA HA BXOAHUTE (a3u TpssOBa ga Obaar
M3MEPEHH, 3a J1a C€ YCTAaHOBHW 3HaKa HAa HAMPEKEHUETO MEXIy JBaTa JBYIOCOYHH
KJI0Ya, BKJIIOYEHH B MpoIleca Ha KoMyTarusaTa. MeToabT nmpuema, 4e Korato ce u3mc-
KBa BpBh3Ka MEKy U3XOJ/IHATA M BXOJIHATA (pa3a, M JBETE aKTUBHU YCTPOWUCTBA HA Ch-
OTBETHHS KJIIOY TpsOBa /1a ca BKiIO4eHH. Korato € HeoOXoauMa KOMyTanusi Ha U3-
xojHaTa (haza MeXAy JBE BXOIHH JIMHUH, ITBPBO TPSAOBA Ja CE ONMPEICSIH KIro4a, KOk-
TO IE C€ M3KIIOYM € C MO-BUCOKO WJIM TMO-HUCKO HAIPEKEHHWE OT TO3H, KOWTO ce
BKIItOUBa. ToBa € HEOOXOAMMO, 3a J]a Ce OMpeIeNN KoM OT JBaTa JBYIMOCOYHHU KITFOYa
e padotu Ha cBobOozeH xon [3]. Ha ¢ur.10. e mokazaH mpoiechT Ha KOMYTalus
MEX]y J1Ba ABYIOCOYHU KJIFOYA, KaTO ca MOKa3aHU M IMOCOKHUTE Ha CBOOOJIECH XOJ Ha
ycrpoiictBara mipu Vi, > 0, ceotBeTHO 1ipH V1, < 0, mocokuTe 1mie ca oowpHath. [IBe-
T€ YCTpPOWCTBA 3a CBOOOJEH XOJ ca TE€3H, KOUTO MO3BOJSBAT HA TOKA Ja MPOTHUYA OT
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¢azara ¢ mo-HuCKO Harnpexxenne (S24) KbpM Ta3u ¢ mo-Bucoko(S1;) [2,8]. 3a na ce ra-
paHTHpa YETUPUCTEIICHHATA MOCACIOBATEIHOCT Ha MPEBKIIOYBAHE, KaKTO MPH IIpe-
JMIITHUAT METOJI, c€ 100aBsi KPaTKO BpeMe 3a 3aKbCHEHHUE MEKIY CTHIIKUTE.

'y .
g1

I i BS Output ph

—_ —

2 o
(h ng mput phase F;L*
1
-
Free | 1 4

®ur.10. [Tpouec Ha KOMyTaIUsI MEXKY J1Ba TBYIIOCOYHU KITIOUYa

[To oTHOmIEHNME Ha MOKa3aHaTa Bepura oT ¢ur.10 cxemaTa 3a MPEBKIIOUYBAHE HA ChC-
TOSIHUSITA U CHOTBETHUAT CIIUCHK OT KOMOMHAIIMUTE HAa YCTPOMCTBATA € MOKa3aHa Ha
¢ur.11 [2]. HyxxHo e 1a ce oTOenekH, 4e OMacHOCTTa OT KbCO CheJMHEHHUE, TI0 BpEMe
Ha KOMYTallMOHHUS MPOLIEC HE € HAIBbJIHO TpeMaxHarta. B cioyvail, ye He ce onpenenu
MPAaBUJIHO 3HAKa HAa HAMNPEKEHUETO B KOMYTAIlUsITAa, PUCKBT OT KbCO CHEIUHEHUE €
BHCOK. 3aTOBa HAJIEKIHOTO U MPABUIHO M3MEpPBaHE HA BXOJHUTE HAIMPEKCHUS, Ta-
paHTHUpa 1Mo-100pa ePEeKTUBHOCT HA METO/Ia 32 KOMYTaIIUsl.

£ E: <k

Si, S1, S§2 S2 Sign Vy;
Step 1 -1y

Step 2- b current ¢om

Step 3 -1y
\ Step 4 -1y

st 1f I
HG1 S VIl 0 | 1 0
VI | 0 0 |

®ur.11. Cxema 1 cmiiChK Ha Oe30MacHU KOMOWHAITMN HA YETHPUCTEIICHHO
MPEBKIIIOUYBAHE HA ChCTOSHUATA MEXKIY /1B TBYIIOCOYHU KITIOUA,
0a3upaHa Ha M3MEPBaHE HA BXOJIHOTO HAMPEKEHUE

4. SAKJIIOYEHUASA

Meronbst Ha Bentypunu ce 0a3upa Ha M3M0A3BaHe HA MOyJIALIMOHHA MAaTpULIa Ha MaT-
PUYHUS IpeoOpa3yBaTe, U3M0J3BaIl KOMOMHALIMY Ha MPEBKIIOYBAHE U OT TPUTE IPYIU
MOJIyIIPOBOJIHUKOBH KJIFOYa, JTOKATO IIPU METO/AA C BEKTOPHA MOJYJALUs c€ reHepupa
KEJTAHUAT U3XOACH JJMHEEH BEKTOpP Ha HAMPEKEHUETO U BEKTOPHT HA BXOAHHUS (Ha30B
BI'BJ 1, KOUTO BiMsie HA PakTOpa HA MOIIHOCTTA. BXxoaHus ¢a3oB broia i € eIuHCT-
BeHUs (Pa30B BI'bJI, KOMTO MOXKE J1a C€ YIPABIIsIBA B MAaTPUUHUS MpeoOpa3yBartel, a ToBa
ce AbJDKM Ha (akTa, ue nmpeoOpa3yBaTessiT HAMa KOMIIOHEHTH 3a BBTPEIIHO ChXpaHe-
HUE HAa €HEeprus, IopaJu KOETO MOMEHTHATa MOIIHOCT Ha BXOJa Ha mpeoOpa3yBaTes
€ paBHa Ha MOMEHTHATa MOIIIHOCT Ha U3X0/a.
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[IpenuMcTBOTO HA METOAA 32 KOMYyTalHsl OCHOBAaH HAa M3MEPBAHE HA BXOJHOTO HAm-
PEKEHUE CPSIMO METOJA 3a KOMYTAallvsl, CBbP3aH C U3MEPBAHE HA U3XOJHUS TOK €, Ue
JIECHO MOKE JIa yIpaBIIsiBa IpeoOpa3yBaTen ¢ MO-royisiM Opoii BxoaHu (as3u, Thid KaTo
KOMYTallMsITa BUHArM CE OCBHLIECTBSIBA MEXKY JIBA JBYIIOCOYHM KJIIOYa, TOKATO OCTa-
HaJIUTE Ca HEAKTUBHU MO BPEME Ha IpoIieca.
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E3NIU 3A ITPOT'PAMUPAHE HA U3KYCTBEH UHTEJIEKT
Hanana Ci1aBoB

Pe3ztome: Hacmosiwama paboma npedcmass 0030p HA HAKOU OM HAU-U3NOA36AHUME
e3uyu 3a npocpamupare 8 obracmma Ha usKycmeeHus unmenekm. Pazenescoam ce
MexHU NpeouMcmeda U HedoCmamvyu, KaKmo u no0ObpHCAHUME Om MAX NapaoucMu
Ha npoepamupare. Omuemenu ca cboOpadcenusma npu u300p Ha e3ux 8 3a8UCUMOCH
OmM KOHKPEMHAmMa Hceiana (QYHKYUOHATIHOCM Ha pazpabomeanomo peuterue. Onu-
Cana e peanuzayusama Ha HAKOU Om NONYIAPHUME NOOX00U U Memoou 3a NPocpami-
paHe Ha cucmemu ¢ U3KYCMBeH UHMeNeKm U ca 0000ueHU HAl-nooxooswume npu-
JIOHCEHUSL HA 8b3MONCHOCIUME UM.

Knwuoeu oymu: uzkycmeen unmenekm, e3uyu 3a npocpamupane, MAauuHHo ooyye-
HUe, napaouemu Ha npospamupane, usuuecka 3HaKosa cucmema

PROGRAMMING LANGUAGES FOR ARTIFICIAL INTELLIGENCE
Danail Slavov

Abstract: This paper provides an overview of some of the most commonly used pro-
gramming languages in the field of artificial intelligence (Al), as well as their capa-
bilities and limitations. The programming paradigms supported by these languages
are examined. A set of considerations for choosing a particular language is given,
depending on the specific desired functionality of the solution being developed. The
work also includes a description of the realization of popular programming strategies
and approaches used in Al system development. The most suitable applications of
each language potentialities are summarized.

Keywords: artificial intelligence, programming languages, programming paradigms,
physical symbol system

1. BBBEJAEHHUE
N3kyctBenusar unrtenekt (M) ocHOBHO € HacodyeH KbM pa3padOTBaHE HAa METOIHU 32
peanu3upaHe Ha acleKTH OT YOBEIIKOTO MHTEIMICHTHO NoBeneHue. Toil ce ctpemu
HE caMO J]a u3y4aBa U Jia pa3Oupa MHTEJNEeKTa, HO Hali-Beue J]a CUHTE3Upa U U3rpaxia
MOJIE3HH 32 NMPAKTHKAaTa CHUCTEMH, IMPUTEKABAIIM TAKOBA MHTEIMICHTHO IOBEICHUE
[2]. To3u s OT KOMIIOTHPHUTE HAYKW M3BUKBA KOHKPETHHM HYXXIU B cdepaTa Ha
€3UIUTE 3a nporpamupane. Baxkna yact Ha e3unute 3a UM e, ye npenocTaBsT Bb3-
MOKHOCT 32 UMIUIEMEHTUpPaHe Ha Pu3nyuecku 3HakoBH (cuMBoiHU) cuctemu (D3C),
ThI KaTO T€ MPUTEXKaBaT HEOOXOJUMUTE U JOCTATHUHU CPEJCTBA 32 OCHIIECTBSIBAHE
Ha WHTEJNTeHTHO TOBeneHue. Tasu ,lieHTpanHa pabotHa gorma* B U mpenmonara,
Y€ MHUCJIOBHUTE IIPOLIECH HA YOBEKA Ca AHAJIOTMYHU HA HAKAKBB BHUJI 3HAKOBU M3YHC-
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JUTENTHU TPOIlecH, pa3dupaHu KaTo npeoOpa3yBaHe Ha CHHTAKTUYHO MPAaBUIIHU 3Ha-
KOBH CTPYKTYPH Up€3 MpUjlarane Ha CbOTBETHU TPaHC(HOPMALMOHHM ITpaBUJIa B paM-
kuTe Ha HsikakBa ®3C[2].

Cp110 kaTo npu pa3pabOTBAHETO Ha MOBEYETO COPTYEPHU IMPUIIOKEHUS, TPOrPaMUC-
TUTE paslojarar ¢ pa3jIndyHy €3ULH, KOUTO Ja U3IOI3BaT NpU cbh3aaBaHeTo Ha M.
He moxe obOaue 1a ce OTKpOM caMo €IMH OT TAX KaTo ChbBBPILIEHUS [IPOTPAMEH €3HK,
M3II0JI3BaH B M3KYCTBEHUsl MHTENEKT. [IpouechT Ha pa3paboTBaHE 3aBUCH OT Kena-
HaTa (YHKIIMOHATHOCT Ha 3aMHUCJIEHOTO KpailHO IpuiiokeHue. ETo 3amio Hacrosmara
paboTa npeacTaBsl YETHPHU OT Hail-M3MOJI3BAaHUTE B Ta3U cepa e3ULH 3a€JHO C TEXHU
CUJIHU CTPAHU U HAKOM XAPAKTEPUCTUKH, IPUEMAHN KaTO HENOCTATHIIH.

B uneannus cioyyailt nporpamausT e3uk 3a UM TpsOBa na ocurypsiBa MeXaHU3MHU 3a
MPEACTABSHE U MAHUITYJIMPAHE HA MMO3HAHUE OT pEaHUA CBAT. TOBa OOMKHOBEHO CE
OCBILIECTBSBA YpPE3 M3MOJI3BAHE HA JIOTMYECKU (HOpMalIU3bM, MMO3BOJIABAIL JOCTHUTAHE
110 3aKJIIOUeHUsI[2 ].

2. LISP

Bo3uuknan omie npe3 1958 r., LISP e Bropusr (cnex Fortran, 1957 r.) Haii-cTap e3uk
3a MpOrpaMHupaHe, KOMUTO ce M3MoJi3Ba M N0 AHec. [IbpBOHAYANIHO CH3JAJAEH KaTo
MIPAKTUYECKa MaTeMaTUYeCKa HOTALMS 32 KOMIIOTBPHU MPOTPaMH, MOBJIUSH OT JaM-
ona-cmsaraneto Ha AnoHco Ubpu [Alonzo Church], 6Bp30 cTraBa nmpeanoyuTan mpor-
paMeH e3uK 3a uscneaBanus B oonactra Ha M. LISP nponpast mbT 3a MHOTO UI€H B
KOMMIOTBPHUTE HAYKH, BKIIOYUTEIHO PEATU3UPAHE HA IBbPBOBHIHU CTPYKTYpPU OT
JAHHU, aBTOMATHUYHO YIMPABJICHUE HA XPAHWIWIIATA, AUHAMUYHO THUIU3UpPAHE, YC-
JIOBHU KOHCTPYKIIUH, peAIU3UPAHE HA PEKYPCHS U IIUKBI ,,4€TeHE-OlICHsIBaHE-U3BOI
(read-eval-print)[9].

B LISP uma camo J1Be HMBa 0OOE€KTH Ha TaHHU. ATOMUTE ca JaHHU B Hali-mipocTta (op-
Ma M MPEJCTaBIsABAT HU3 OT 3HAIM, M3MOJ3BaH 3a CUMBOJIHO npeacTaBsHe. CTpyKTy-
parta OT MO-BUCOKOTO HUBO ce€ Hapuya S-u3pas (symbolic expression, CHMBOJIEH W3-
pa3). Enun S-uzpasz moxe nga Obae WM €IMHUYEH aTOM, WU CBbp3aH CIUCHK OT S-
u3pasy, U CJIEJOBATEIHO € CIOCOOEH /1a Koupa B ce0e CH IaHHU ¢ MPOU3BOJIHA Ibp-
BOBHJIHA CTPYKTypa:

(ivan, petar, mihaela)

(students (ivan, petar, mihaela)).

Bceuuku nporpamu 1 Bcuuku aaHHU B LISP cnia3Bar crpykTypaTta Ha S-u3pasu U Mo-
raT Jla c€ MPEJICTABAT KAaTO BIOKEHU CNHUCHIM. Makap TpaJulIMOHHO J1a CE€ CMSATA, 4e
3a 1a ObJe €IMH €3UK IMO-TI0JIe3eH, TOM TPsOBa Jaa MPEea0CTaBs pa3HOOOPA3HU CTPYK-
Typu oT naHHu, ¢punocodusta Ha LISP e ma mpemocrtaBsi eHa-eAMHCTBEHA MOIIIHA
CTPYKTypa U Jia MO3BOJIsIBa HA MOTpeduTens Aa ce GoKycupa BbpXy 3ajavara, 6e3 aa
ce oOpeMeHsBa ¢ MOTbP)KaHETO Ha pa3HOOOpa3HU CHHTAKTUYHU W TUIIOBU Hapea0u.
B MHOrO ciiyyau mbpBUST €JIEMEHT OT CMHCHhKA CE Bh3IpUEMa KaTo UMe Ha QyHKIUS,
a OCTaHaJIUTE — KaTo HeWHU apryMeHTH. ChiecTByBaT (YHKIIMH, KOUTO MO3BOJISBAT
nedunupane Ha HOBU (pyHkimu. HoBogeduHupanute GyHKIUU Ce MPEACTABAT C MO-
MoITa Ha A-cMstaHeTo Ha Ubpu. [IpumepsT nmo-gony nokassa aeguHupaHe Ha GyHK-
1Ml 32 U3UYKCIISIBAHE HA TUIONITA HA KPbI:
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(def circle-area
(lambda (r)
(times pi (times r r)))).

Oynkusrta ,,def He oleHsIBa apryMeHTUTE CH, a CaMO CBbpP3Ba BTOPHS €JIEMEHT Ha
criichka (B TO3M cllydait atoma ,,circle-area‘) ¢ A-u3pasa, nmpeacTapiisiBall TPETHS eJie-
MEHT.
[Ipu peanuzanusaTa Ha 6a3a ganau B LISP Bcekn aToM MOXke /1a € CBbp3aH ChC CIIUCHK
OT JIBOMKH CBOMCTBO-CTOMHOCT, MO3HAT KaTo ,,p-COUCHK™ (property list, cmuchbK OT
cBoiicTBa). Enna ot yectute ynorpeOu Ha p-CHOUCHIMTE B MporpamupaneTo Ha MU e
KaTO CPEJCTBO 3a PEATM3UPAHE HA MPEKU — aTOMHUTE IIPEICTABIT BB3JIUTE, 4 CBOMCT-
BaTa ca o3HaueHHWTe pebpa. HeoOxomumocTTa OT MO-BCEOOXBATHU BH3MOXKHOCTH 3a
paboTa ¢ 6a3uTe NaHHW MOTHBHpA MOAXOJa 3a 000cO0sIBaHE HA 3HAHHMETO 3a JajicHa
npeaAMeTHa 00JIaCT B ChbBKYIHOCT OT TBBPACHHS (MM HAPEAEHU N-OpKH), BCIKO OT
KOETO MpeJICTaBisiBa (pakT, BMECTO Jia ce HaTpynBat (akTu karo cBoiicTa[l]. Hampu-
Mep:

(student name ivan)

(teacher class robotics).
Eaun ot mosiesHuTE METOIM 3a TOCTHIT /10 0a3a JaHHU € HOTAIUsATa Ha ChBIIAJICHUE TI0
mabioH (pattern matching). B Haif-npocTusi cu BapuaHT TO3H METO/] ChCTaBsl 11a0JIOH,
KOWTO € CTPYKTYpPHO 0JI00€H Ha JaJIeHO TBbPJIEHUE, HO MOXKE Jla BKIIIOUBA IMPOMEH-
JIUBU, KOUTO TPsiIOBA CHIIIACYBAaHO Jla CE€ 3aMEHST OT aTOMHM, MIPUCHCTBAIIM B TBBPJIC-
HUe oT 0a3aTa JaHHU, Taka 4e Jia ce MoJyun chBIageHue. Hanmpumep cnegnute mab-
JIOH ¥ TBBPJICHUE CHBIIAJAT CJie] CYOCTUTYIIMS Ha TPOMEHJIMBATA X ¢ aToMa ivan:

(student name ?x)

(student name ivan).
HeoOxoaumocTTa OT mMosiBa Ha OIIE MO-CHMJIHO (OpMaau3upaHu BB3MOXKHOCTU 3a
MporpamMupaHe, BKIIOYBAIM ThPCEHE C BB3BPAT MPH M3MOJI3BaHE Ha 0a3za JaHHHU OT
TBBPACHUS, Hajlara rnospaTa Ha CUCTEMa 3a MpOrpaMHpaHe, OCHOBaHAa Ha (popMmanHaTa
norukal1].

3. Prolog

Nnesra 3a u3rpaxk/iane Ha KOMIIOTPHO-U3ITBIHUMH MPOTrpaMu, YUHTO UHCTPYMEHTA-
pUYM BKJIIOYBA MPUIIOKEHUETO HA MIPEAUKATHOTO CMSITAaHE Y MIPUHIINIIA HA PE30JIIOLIU-
ara (T.e. MPOTpaMu, KOUTO W3MBJIHABAT JOTHYECKA (POPMYJIH), C€ OKa3Ba TOJIKOBA
IJIOJIOTBOPHA U MOIIIHA, Y€ CTaBa MapajJurMa Ha MoaxoAa KbM JIOTHYECKO MpOorpaMu-
pane. Hali-pa3snpoCTpaHEHUSIT B MOMEHTA €3UK, KOWTO IMOJIbPAKA Ta3u Mapaanrma, €
Prolog[2] (programmation en logique (¢p.), programming in logic (anr:u.), mporpamu-
paHe B JIOTHKaTa), cb3aazaeH okoyio 1972 r. ot Anen Koamepoe [Alain Colmerauer] u
®unun Pwcen [Philippe Roussel] B3 ocHOBa Ha mpoiieaypHaTta WHTEpIIpETalusl Ha
Po6wpT KoBasncku [Robert Kowalski] oTHocHo knay3ute Ha XopH[10].

OT cuHTaKTU4HA TJIeJlHAa TOYKa BCska mporpama B Prolog mpeacraBisiBa MHOXKECTBO
OT oOpaTHU KJIay3u Ha XOpH, T.€. oT BUAa U «— p A AT A ... A S. 3a y100CTBO 3HAKBT
32 UMIUIMKALMS C€ 3aMEHA C IBOETOYHE U THUPE, a 3HAKBT 32 KOHIOHKIMUSA — ChC 3aIe-
Tasd: U:-p,q,r, .., S. PasrpaHuuaBaT ce 4eTupH BUAa Kiay3u:

- ¢aKTH: eNMHUYHY JIUTEPATIU OT BUJA U :-
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- TpaBWIA: MMOJOKUTEIHY KJIay3u oT Buga U :- p, q, I, ..., S
- 1enu (BBIIPOCH, 3asBKH): OTPULIATETHH KJIay3H OT Buaa :- P, 4, I, ..., S
- Tpa3Ha kjay3a (0e3 nuTepanu) oT BUja :-
daxkTtute ca GopMysH, KOUTO ce TpueMaT 3a 0e3yCJIOBHO MCTUHHU B JajicHa TMpe-
MeTHa obnacT. [IpaBunara ca ¢popMmynu, KOUTO ca UCTHHHH, TIPH YCIOBHUE Y€ KOHIOH-
KIUATa B TSUIOTO (IsICHATA YacT) HA MPABWIIOTO € UCTUHA. OTPUIATEIIHUTE KIIay3H
NpEeCTaBISIBAT MHBEPTUPAHU II€JH, a pa3HaTa Kjay3a 03HayaBa MPOTUBOPEYUHE.
[Tpn KOHCTpyHpaHETO Ha €Ha MporpaMa BCEKH MPOTPAMHCT MMa B CH3HAHHETO CH
HSKaKBa Bbh3HAMEpsiBAaHA MHTEpIpeTaIus (mpeaMeTHa 00JacT), ¢ €JIEMEHTUTE Ha KO-
ATO CBHP3Ba M30paHUTE OT HETO MMEHA Ha KOHCTaHTH, pyHKIMU U npeaukatu. Ctpe-
MEXBT My € J1a ch3/1ajie 0a3a TaHHU, KbM KOSITO Jla C€ OTIPABIT BBIIPOCH U PEIICHHU-
ATa Jla ce Mojy4yaBaT KaTo HEWHM Jioruuecku cienctsus[2]. Hampumep ot cinegnata
Oaza:
likes(adam, X) :- likes(X, apples).
likes(eve, apples).
OTrOBOPHT Ha BBIIpoca ,.KakBo xapecBa Amam?“, T.e. :- likes(adam, X), e morudec-
koTo cieactBue likes(adam, eve).
JIekmapaTHBHUAT CMHCHII Ha €Ha JIOTHYECKa IporpaMa € MHOXKECTBOTO OT BCHUYKH
OCHOBHHM (paKTH, KOUTO ca HEHHM JIoTH4ecku cienctus. OCBEH ACKIapaTHBHO 00part-
HUTE KJIay3d Ha XOpH MOTaT Jia c€ pasriex/1aT 1 MpolelypHO: TJ1aBaTa U Ha Kjiay3ara
u:-p,q,r, ..., S Ce TPETUPA KaTO UME Ha MPOIeAypa, U3MBIHCHUETO HA KOSTO U3UCKBA
U3MBJIHEHNE HA TIPOLIEYPUTE P, ], T, ..., S, CHCHUPUIIUPAHU OT JTUTEPATIUTE B HEUHOTO
Ts10. Tyk o0Gave, mopajau U3MCKBAHETO 3a Hapen0a Ha JTUTEPATUTE, KOMyTaTUBHOCTTA
BEUE HE € B CWia. ApryMEHTHUTE Ha TJIaBaTa u (ako MMa TaKMBa) CIIy>KaT KaToO BXOJTHO-
M3XOJHH TIapaMeTpu Ha MpOoIeaypaTa, T.€. Upe3 TAX ce MpeaaBar/mpueMar CTOMHOCTH
KBM/OT P, (, T, ..., S, KOUTO CE€ pasMIe:KIaT KaTo ONepaTopy 3a W3BUKBAHE HA CHOT-
BETHH TIpOIeAypy. Beekn muTepast OT oTpHIIaTesHaTa Kiaysa (Ienra) ce MHTepIpe-
THpa KaTo OMEepaTop 3a MbPBOHAYAIHO M3BMKBAHE HA CHOTBETHATAa MY IpOIEaypa H
Ce Hapwya MO/IIEII.
[Ipu TakaBa mocTaHOBKA €1HA 0a3a TaHHU, ChCTOSINA C€ OT OOpaTHH KJIay3u Ha XOpH,
MOKE J]a C€ MHTEPIpeTHpa OT TJIeHA TOYKa Ha MpoIieca Ha JOTHIECKO U3BEKIaHE HE
caMo B JeKJIapaTHBEH, HO M B MPOIEAYPEH CMUCHI, T.€. KaTO JIOTUYECKa Mporpama,
KOSATO U3ITBJIHSBA JIoTHYecKuTe hopmynu ot Oazara.
O0600111eHO TOTJIeTHATO, BCSIKA mporpama B Prolog n HEHHOTO M3MBIHEHUE MOXKE J1a
Ce TPEJICTABIT CXEMAaTUYHO T10 CJICIHUS HAYWH:
I[TPOT'PAMA B PROLOG =IT1PABUJIA + ®AKTU
N3ITBJIHEHUE = JIOTUYECKO N3BEXJIAHE [2]
Enno ot pazmuuusta mexay Prolog, kaTo €3uK 3a JOTHYECKO MporpaMupaHe, U OCTa-
HaJMTE TIPOTPAMHHM €3HUIIH, TTOIIbPIKAIIN APYTH TapaJIurMu, €, 9¢ MOMCHTA Ha U3BHK-
BaHe (Call) He e u3BecTHO KOs BXOJHA TOYKA Ha Mpoleayparta e Obae U3IM0I3BaHa,
T.€. CBIIECTBYBA HeJeTepMUHU3BbM. OCBEH TOBA € BH3MOXKHO ITOBTOPHO BJIM3aHE BbHB
BeYe M3BUKaHa Iporeaypa. HeaerTepMuHU3MBT ce MposBsIBa MPU HEYCIICITHO 3aBBPIII-
BaHe Ha mpouenypara (Fail) — 3anelicTBa ce Bb3BpaTeH MEXaHU3bM, KOWTO aBTOMa-
THIHO peakTnBupa (Redo) mpeaxomaHo M3BKMKaHa U Bede M3MTBIHEHA MPOIIeIypa:
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(‘a" KOHBEHIHOHATHA l‘:lit
— : | e =

nponeypa
Call Exit Call Exit
- npoueaypa = npoueaypa =
B Prolog B Prolog
B — | i — T —_——
Fail Redo Fail Redo

Prolog ocHOBHO ce M3Mmos3Ba MpH peliaBaHe Ha JOTUIECKH 3aauu, a He TIPU YUCIIOBU
omeparuu. EqHO OT Hali-ycrentHuTe My MPHIIOKESHHS € 3a N3TpaKIaHe Ha €KCIIEPTHU
CUCTEMH, KOUTO peIllaBaT CIOXKHH MpobiieMu Oe3 YOBeIIKa Hameca — Harlp. aBToMa-
TUYHO TUTAaHWpaHe, HAOJIO/IEHNE, YIIPABJICHUE U OTCTPaHsIBAaHE HAa HEU3NPABHOCTHU B
KOMILIEKCHU cucTeMu. C TO3M €3MK MOTarT Jia ce pelIaBaT KOHKPETHH 3a/a4d, KOUTO
Ce BB3IMOI3BAT OT OCHOBAaHUTE Ha MPaBWJIa JIOTUUECKH 3asBKU: ThPCEHE B Oa3U JaHHHU,
IJIacCOB MOTpeOUTENICKH MHTepdelc, MombiBane Ha madioHu. [IbpBOHAYaTHOTO MYy
npenHa3HaueHue € 3a 00paboTKa Ha €CTECTBEH €3MK M YECTO C€ M3IMOJ3Ba MPH ChBIIa-
JIeHre 10 1a0JI0H BbPXY JbpPBa Ha pa3z0op (parse trees) 3a €CTECTBEH €3UK, Thi KaTo
yInoOHO M3pa3sBa TE3W MpaBWia Ha CHBIAJACHHUE W MPEIOCTaBs TEXHOJOTHUS 3a eek-
THBHOTO MM U3ITHIHSIBAHE.

4, C++

C++ e mporpaMeH e3uk ¢ o010 MpeHa3HauYeHne OT BUCOKO HUBO, pa3paboTeH mpe3
1983 1. ot bapue Ctpoyctpyn [Bjarne Stroustrup] xaro pasmmpenue Ha e3uka C. Toi
MOIbP)Ka UMIIEPATUBHO, 0OEKTHO-OPUEHTHUPAHO U TEHEPUYHO MPOrpaMHUpaHe, KaTo
CBIIIO TaKa MPEIOCTaBs BH3MOXKHOCTH 3a padoTa ¢ MaMeTTa Ha HUCKO HMBO. [louTn
BHUHATY C€ peajn3rpa KaTo KOMIWJIMPYEM €3UK U MHOTO JIOCTaBYHIIM TIpeaiarat KoM-
nunaTopu 3a C++, Taka uye MOe Jia Ce M3IM0JI3Ba Ha pa3iaudnu rmiatdopmu[11].
OcnoBara Ha e3uka C (pa®oTen Ha MHOTO TIO-HUCKO HUBO), BBPXY KOSTO € U3rpaJieH
C++, mpenocTaBs peaulia MoJie3HW Bb3MOXKHOCTH 3a M0I00psiBaHe Ha OBbp3UHATa, KO-
UTO B €3UIIUTE OT BUCOKO HUBO OOMKHOBEHO JIUTICBAT:
» Ilpu oTchcTBHE Ha BUPTYadHH (YHKIHMH 3a CTpyKTypuTe B C++ He ce 3amens
JOITBTHATEITHA TTaMET, KAKTO HampuMep 3a 00eKTuTe B Java.
» CpllecTBYBa BB3MOXKHOCT 3a Ch3/IaBaHE Ha BPEMCHHH MACHBH/OOCKTH B CTEKa
(stack). ToBa Moxe Aa ce U3BBPIIU 0€3 HUKAKBB U3JIUIIBK Ha MaMmeT. E3unure ot
BHCOKO HMBO OOMKHOBEHO MPHUHYXKJABaT CHCTEMaTa Ja 3aJelisi MPOCTPAHCTBO B
xuitna (heap), yneTo yrmpaBieHue € MHOTO TIO-CJIOKHO M CJIeI0BaTelHO paboTaTa ¢
HEro € 1no-06aBHa.
» C++ MOXe Ja U3I0JI3Ba MAaCHBH OT OOCKTH — T C€ pa3sinyaBaT OT MACUBHUTE C
yKazaTenu KbM OOCKTH, KaKBUTO OOMKHOBEHO C€ W3IOJ3BAT B JIPYTUTE €3UIU OT
BHCOKO HMBO. ToBa HamaJsiBa Hy’>KJaTa OT yKa3aTelld, CIIeCTsBa IMaMeT U BOJH JI0
€/IHO HUBO MO-MaJIKO HHIUPEKTHOCT (Iepedepupane).
» MacuBuTe c JIOKaJieH 00XBaT (T.e. ICKJIapUpaHUTE B paMKHUTE Ha (PYHKITUS) 11O
nojipa3OvpaHe OCTaBaT HEMHUIMAIU3UPAHU — HUTO €JIMH OT E€JIEMEHTHTE UM He
noJiyyaBa KOHKpeTHa cTorHOCT. C Ipyru IyMH ChIbP>KAaHUETO HA €IMH MAacCUB €
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HEONPEJIEJIEHO B MOMEHTA Ha JEKJIApUpaHETO My. ToBa MOXE /1a CIIECTU MHOIO
BpEMeE B CpaBHEHHUE C MOJX0J1a, IPU KOMTO BCUYKH CTOMHOCTH II'bPBOHAYAIHO I10-
JydaBaT CTOMHOCT HYyJIa (KakTo € mpu Java).
» B MHOro e3uIy ce u3BbplIBa MPoBepKa Ha IPaHUIINTE HA POMEHJINBUTE TPEIN
ynorpebaTa UM ¢ 1€ Aa C€ TapaHTHpa HalpuMep, Y€ JaJeHO YUCIIO MPUHAIIEKU
KBbM ONpEJeNeH TUll (IpoBepKa Ha 00XBaTa) WJIM Y€ IMPOMEHIIMBA, U3MOJI3BaHa 3a
MH/IEKC Ha MacuB, € B TPAaHUIIUTE HAa MacuBa (IIpoBepKa Ha MHAEKca). Jluncara Ha
TaKMBa MPOBEPKH B CH++ TOI'BIHUTEIIHO YCKOPSIBA U3I'BJIIHEHHUETO.
OueBUIHO €, Ye MOBEYETO OT FOPEONHMCAHUTE CBOWMCTBA JaBaT cBOOOAA Ha Mporpa-
MUCTa 32 B3aMMOJICHCTBUE ChC cHCTeMaTa (Hali-Beue C mameTTa), KOeTO CIocoOCTBa
3a MOCTUTaHe Ha Obp3uHA, HO CHIIO TaKa U 3a MO-JIECHO JIOMyCKaHe Ha MpPOTpaMHH
I'PELLIKH — ChIIECTBYBa MHEHUE, Y€ padorara cb¢c C++ He e Taka ,,0e30macHa’, KakTo C
IPYTH €3ULIH.
Tsi kaTo B mporpamupaneTo Ha MM mmpoko ce n3nmos3Bar aaropuTMH, Bb3MOKHOC-
TUTE 32 PEAUTU3UPAHETO UM YPE3 MPOrPaMHHUSI €3UK UMAT ChLIECTBEHO 3HaueHue. C++
M3M0J3Ba €AHU OT Haill-y10OHUTE U nosie3Hu 3a W cTpyKTypH OT JaHHU, @ MHOTO OT
NOIYJISIPHUTE aJTOPUTMU CE€ CHABPKAT B TOTOB BHJ B CTaHAapTHaTa OMOIMOTEKa
STL. B T031 €3uK MPOrpaMucThT UMa BB3MOXKHOCT J1a YIIPABJIsBA U3I'BIHEHUETO Ha
HUCKO HUBO 4YpE€3 yKa3zaTeiH, KOETO € M3KIIOYUTEIHO YyJO0OHO MpU MPOrpaMHUPaHETO
Ha aJITOPUTMH.
Jocera nzbpoenute npeumyiiectsa Ha C++ ro npaBsaT NpealIOUYnTaH €3HK 3a MPUIIo-
KEHMsI ¢ HEBPOHHU MPEXHU M MAUIMHHO OO0y4yeHHe, KbJETO C€ Hajlara YCHJIEHO H3-
MOJI3BaHE HA CTAaTUCTHMUYECKH TEXHUKH M 00pabOTBaHE Ha roJieMH KOJMYECTBA JIaH-
Hu[6].
B muoro ciaydan nporpamutre ¢ MU ca npenHazHadyeHU 3a W3NBJIHEHUE OT BrpaJcHU
CUCTEMHU M YCTPOICTBA, HalpUMEp MOOWJIHHM pOOOTH M KaMEpH 3a TEXHUYECKO 3pe-
HUE, peTU3UPAHU C MUKPOKOHTPOJIEPH, ITPU KOUTO U300PHT HA MPOrpaMeH €3UK Yec-
TO IIbTHU € orpannueH 10 C u C++.
Cpen HepocTaTbLuTe Ha e3uka C++ MoXke J1a ce 0TOeNIekH HyXJ1aTa OT MOBEYE yCH-
JUs 3a U3rpakaaHe Ha ¢yHIaMeHTaIHAaTa 4acT Ha mporpamarta (T.Hap. ,.boilerplate®),
IpeIy Ja ce MPUCTBIM KbM [0-KOHKpPETHUTE peanu3anuu. ChIo Taka, opajad MHO-
rOCTPAHHUTE U 3a1bJI00UYEHN Bb3MOKHOCTH, KOUTO Mpeiara, TO3U €3UK € MOo-TpyAeH
32 Hay4aBaHE W U3I0JI3BaHE OT MO-HEONUTHUTE MPOrPAMHUCTH.
bbp3unara Ha C++ ce u3Moa3Ba UPOKO B MPOEKTU 3a nporpamupane Ha WU, mpu
KOWUTO BPEMETO 3a U3IIBJIHEHUE € OT KPUTUYHO 3HAYEHHE, KaTO ThPCEIIH MAIIWHU U
KOMITIOTBPHU UTPU. MHOTrO OT OMOJIMOTEKUTE 3a APYTU e3ul| (BKItounTeaHo Python)
ca Hanucanu Ha C++ mnu C UMEHHO MOopajgu BHYIIUTEIHOTO UM OBpP30JIEHCTBHE U
MIPOU3BOAUTEIIHOCT.
5. Python

E3uxbT Python e ch3nanen ot nuaepnanackus nporpamuct ['yuno Ban Pocym [Guido
Van Rossum]mpe3 1991 r. Python e MHOrOnapagurMeH e3uK: HaIrbJIHO TOABPIKa 00CK-
THO-OPUEHTUPAHO U CTPYKTYPHO MPOTpaMUpaHe, & MHOTO OT (PYHKITUUTE MY TTOAIBP-
&KaT (PyHKITMOHAITHO U aCIIEKTHO-OPUEHTUPAHO TIPOrpaMupaHe (BKIIOYUTEITHO METall-
porpamupane u MeTao0ekTn). BmecTo 1smara GyHKIIMOHATHOCT 1@ € BrpajieHa B si]I-
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poto My, Python nma romemu BB3MOKHOCTH 3a pa3mmmpeHue (HIKOW OT KOUTO TO-
IbPKAT KOHTPAKTHO M JIOTHYECKO Iporpamupane). KomnakrHata My MOJyJIHa apXu-
TEKTypa IO MpaBU OCOOEHO MOIMYJIAPEH KaTO CPEACTBO 3a J0OaBSHE HA MPOTpaMuUpy-
eMU UHTepdeiich KbM ChIIECTBYBAIU MpuitoxkeHus|[ 12].
EsuxbTPython ce untepnpeTrpa, KoeTo 03Ha4aBa, ue He € HEOOX0IUMO J1a ObJIc KOMITH-
JUpPaH KbM MHCTPYKIIMHY HA MAITMHEH €3UK IPEJIM U3IBbJIHEHUETO CH M MOXKE Ja Ce U3-
M0JI3Ba TUPEKTHO 3a M3MbJIHEHUE Ha MporpaMara. ToBae I0CTaThuHO, 32 /1a Obe UH-
TEepIpETUPaH OT EMYJIATOP WM BUPTyajaHa MalluHa, Oa3upaHa HA MAIIMHEH KO/, KO-
TO XapayepbT pazdoupa. MaTepnpeTupyeMure e3uii 0OOMKHOBEHO ca Mo-0bp3u 3a MPOTO-
TUMHU3UPAHE HA KOJA, HO B OMNpPEJEIEHU CIydau HE C€ BB3MOJI3BAT OT HSIKOW ONTHUMH-
3aIlAW U TIPESUMCTBA B €PEKTUBHOCTTA IIPH U3ITBIHCHHE HA KOMIMIIApaH ko[ 4].
Python e qfuHaMUYHO TUNM3HUPAH — BCAKO UME Ha IPOMEHJIMBA € CBBP3aHO caMo C Ja-
nieH 00eKT (KOWTO Ha CBOM pell € OT omnpezeneH Ttui). MiMeHnara ce cBbp3BaT ¢ 00EKTH
10 BpeM€ Ha U3ITBJIHEHUE TTOCPEACTBOM MPUCBOSIBAHE, HO MPU U3ITBJIHEHUETO HA MIPOT-
pamaTa € Bb3MOXKHO J1aJICHO MME Jla C€ CBBP)KE IMOCIEI0BATENHO C OOEKTH OT pas3-
nvryHy tunose. [Ipu ctatnyHo Tunmu3npanute e3uiy, kato Java, C u C++, umeHara Ha
MIPOMEHJIMBUTE OCBEH C OOEKT ca CBBP3aHU U C ONpeIesieH TUIl (10 BpeMe Ha KOMITH-
JUpaHe, MOCPEICTBOM JEKJIapUpaHe Ha JIaHHWUTE), KaTO TUIIBT Ha MPOMEHJIMBATa U
TUITBT HAa HEWHATa CTOMHOCT (00EKTa,C KOWTO € CBbp3aHa) 3aIbDKUTEIIHO TPsOBa Ja
cbBragat. OcBentoBa Python e cuiiHO TUNHM3UpaH, Thil KATO UHTEPIPETATOPHT CIACAU
BCUYKHU TUIOBE NMPOMEHIMBH. TOBa 03Ha4YaBa, Y€ HE MOKE Ja CE U3BBPILBAT OINEPaLUU,
KOWTO Ca HETOAXOSIIN 32 TUIa Ha 00eKTa U Ouxa MMaIu HEmpeacKazyeM pe3yiTar -
HanpuMep 100aBsiHE HAa YKMCIIO KbM HU3 - U TOBA JI0 HSIKAKBa CTEIEH Mpe/ina3Ba mpor-
paMKcTa OT BHACSIHE Ha IpOrpaMHu rpeiiku (0prose) [8].
Bce mo-ycuiieHOTO BKIIIOYBAaHE Ha TpauUHUS MPOIECOP B M3UUCICHUSTA, Mpesia-
ramfo Bb3MOXHOCTH 3a TapajeiM3bM MEXKIy HErO U IEHTPAIHUS MPOLEecop, BOIU 10
ch3naBane Ha Oubnuorekn kato CUDA Python u cuDNN, xouto yckopsiBaT oOpa-
0OTBaHETO HA JTaHHU OT Mporpamu, Hanucanu Ha Python. ToBa ynecHsiBa U3MbJIHEHU-
€TO Ha Omepaluu, KOUTO U3UCKBAT TOJIEMU MPOIIECOPHU PECYPCH, KATO TBIOOKO 00Y-
yenue (deep learning), aHaTUTUYHN U WHXKEHEPHU NPUIOXKEHHS, W 1O TO3U HAYMH
noosmkasa mo 0bpp3uHa Python mo e3uim karo C++[3].
HeobxoaumoctTta oT pazpaboTBane Ha epEKTUBHU METOU, KOUTO OIEHSBAT IMOCTIE/IC-
TBHsTA OT M300pa Ha MU3aiiH MpuU ch3aaBaHeTo Ha cuctemu ¢ MU, moxe na ce pasr-
JeKIa KaTo MeTasajgaya ,,B3auMOJICHCTBUE-AN3alH™, T.e. HE caMO pa3paboTBaHE Ha
M3KYCTBEH MHTEJIEKT, HO M MPOCKTUPaHE HA HAUMHUTE, IO KOUTO TOU Aa OBjae paspa-
6ot1BaH[S5]. B pa3pemaBaHeTo 1 MOXe /1a MOMOTHE T.HAp. COPTYEPHO MPOTOTUIU3U-
paHe — JIEeWHOCT MO Ch3JaBaHE Ha MPOTOTUIHM Ha COPTYEpHU MPHUIIONKECHUS WM HE-
IIBJIHU BEpCUM Ha pa3paboTBaHaTa codTyepHa Mmporpama c Iei ga ObAe u3cieIBaHa
MpeIM OKOHYATEIIHOTO U 3aBbpiiBaHe. [[pOTOTUIIFT OOMKHOBEHO CUMYJIMpa CaMoO Hsi-
KOU aCIEeKTU OT KpalHUs MPOAYKT M MOXKE Jla € HA'BJIHO pa3jInueH OT Hero. E3uKkbT
Python npennara peauiia yiecHeHUs B X0Jla Ha TO3U MPOIIEC — TUHAMUYHOTO TUITH3HU-
paHe T03BOJISIBA HA MPOTPaMUCTa Ja ChCTaBs (yHKIUHA, KOUTO Ca JOCTATHYHO TEHE-
pu4HHM 3a paboTa ¢ BCeKu Tul AaHHU. Hampumep:

def max_val(a,b):

returnaifa>belseb
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Tasu dyHKIHES MOXe ma TpueMa Ied WM JpOoOHU 4YKClia, HU30BE, CHUCHIIH, Ped-
HuK ¥ T.H. He € HeoOxoauMo koneknuute oT JanHu B Python ma ca xomorensw, T.e.
CTOMHOCTHTE HAa BCHYKHU €JIEMEHTH Ja ca OT €IHAaKbB THI. ToBa MO3BOJISIBA TTAKETH-
paHe Ha JJAHHUTE M0 YHUKAJIEH HaYuH B JIBIDKEHUE U MO-HATATHIIHOTO UM TpaHCc(op-
MHUpaHEe B KJac WM CTPYKTypa B CTATUUHO TUIU3HUPAH €3uK Kato C++. AIropuTMuTe
3a paboTa ChC CTPYKTYPH OT JaHHH Ca MHTYUTHBHU U JIECHU 3a ynoTpeda, KaTo ChIIO
Taka MpaBsAT Kojaa no-uetuMm. Hampumep ch3gaBaHeTO Ha CHHUCHK U IpOBepKaTa 3a
KOHKPETEH €JIE€MEHT B HEr0 OM M3IJIeXKIANO0 MO CICTHUS HAUMH:

list =[1,2,3] # cp3maBa cnuChK list ¢ emementH 1, 2 1 3

result = 2 in list # mpoBepsiBa nanu BcnuchKa list *Ma eeMeHT CbC CTOMHOCT 2
koeto B C++ Moke J1a uMa CIIeTHUS BUJL:

list Ist;

Ist.push_back(3);

Ist.push_back(1);

Ist.push_back(7);

list::iterator result = find(lIst.begin(), Ist.end(), 7);

bool res = (result = Ist.end());
Peanusupanero na UM u3nckBa yCuieHo U3MOI3BaHEe HA alropuTMu. ONucaHUETo Ha
JajzieHa JOruka Wik (pyHKIIMOHATHOCT MOXe Ja ce u3Bbpiu B Python ¢ 1o 1/5 mo-
MaJIKO KOJI, OTKOJIKOTO TP HSKOU JIPYTH €3UIH, IUPOKO U3MOJI3BAHU B IIPOTpaMUpa-
Hero Ha M. MHTepnpeTallMOHHUAT MY MTOAXO0/ TT03BOJISIBA U3BBPIIBAHE HA MPOBEPKU
OI1I€ TI0 BpeME Ha MPOTPaMUPAHETO HA aJITOPUTMUTE.
Cpen octaHamuTe NpeAUMCTBAa MOXKeE J1a ce OTKpou (akTbhT, ye Python e ¢ HambiaHO
OTBOPEH KOJ U MMa OrpOMHA OOILIHOCT OT MOTPEOUTENH, KOETO CIOCOOCTBA 3a HaIU-
YUETO Ha Pa3HOOOpa3HW OMOIMOTEKH, paslupsBalivd (PYHKIIMOHATIHOCTTA HA €3UKa,
BKJIFOUUTENIHO U B cepaTa Ha 1.
3a uznos3BaHeTo Ha Python B mpoekTH ¢ M3KYCTBEH UHTEJIEKT crioMarat OMOJIMOTEeKH
kato TensorFlow (3a mporpamupane Bb3 OCHOBa Ha MOTOIM OT JaHHU U JUdepeHIIU-
pano nporpamupane) Keras (3a HeBpoHHu mpexu) u Scikit-learn (3a mamuHHO 00y-
yeHue). Kato CKpUMNTOB €3MK ¢ MOJyJIHa apXUTEKTypa, JIECEH CUHTAKCUC W UHCTPY-
MEHTH 3a 00padoTBaHe Ha oborareH TekcT Python uwecto ce uzmonssa nmpu 06padoOT-
BaHE Ha €CTECTBEH €3HK.
Haii-nogxomsiimure npuioxkenus Ha Python ca B oGnacture Ha mammHHOTO (Ca-
MO0)oOydeHHE U IBIOOKOTO OOYYEHHE M CBBP3aHUTE C TAX peaiM3allid — HalpuMep
MPEICKa3BaIll CUCTEMH IIPH MPEBO3BAaHE HA XOpa W TOBApH, YIIPaBICHUE HA PHCKO-
BeTe BbB (puHAHCOBaTa cdepa, MPEBEHINS U TUArHOCTUIIMPAHE Ha 3a00JIIBaHUA.

6. CbOBPA’KEHUS ITPU U350P HA MMOAXOAAIIUA E3UK
3A IPOT'PAMUPAHE

Korato craBa BbHpoc 3a peanuzupane Ha MW, oO1HOCTTa OT ClIEUUaIUCTH B Ta3H 00-
JIACT € pa3/ieJieHa B MHEHUSATA CU KO €3UK € Hal-TIOAXO/AIl 3a Ch3JaBaHe Ha MpOrpamMu
U MpUJIokKeHus. YecTto mporpaMucThT U30HMpa €3UK ChOOpa3HO TOBA, JOKOJIKO KOM-
(bopTHO ce uyBCTBA MPH U3MOI3BAHETO MY, TO3HAHUATA U MPEAUIIHUS CH ONUT. Makap
TOBA JIa ToMara 3a mo-0bp30 MPOTOTUIIM3UPAHE U pa3pabOTBaHe, B IBIATOCPOUCH IJIaH
MOJKE /1a HE € Hall-qoOpHsT n300p MpU M3rpakJaHe Ha MOJIEIH Bb3 OCHOBA HA TpaK-
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TUYECKUS TPOOIIEM, KOMTO TpsiOBa 1a Ce pelu, M KOJIMUECTBOTO Ha IAHHUTE, KOUTO TPSIO-
BaaceobpaborBar[7].

E3unure, KOUTO cCeé KOMIUIIMPAT, HAl-ueCTO OCUTYPSIBAT MO-A00pa LAIOCTHA TPOU3BO-
JTUTEITHOCT BCPABHEHUE C TE3U, KOUTO C€ UHTEpIIpeTupar. ToBa ce AbKM Ha (akTa, ye
IPY KOMITMJIUPAHETO KOABT Ha Iporpamara ce peAayuupa 10 Habop OT MalluHHU UHC-
TPYKIMH, CJIEI KOETO Ce 3ara3Ba Karo u3nbJIHUM (aiin. [Ipu uHTepnpeTupaHeTo KOAbT
3ama3Ba (popMarta CU U BIOCIIEJCTBUE CE€ PEAyLHpa 10 HUHCTPYKIIMHU €/1Ba 0 BpeMe Ha
u3MbiIHeHueTo. MHTeprpeTupyeMuTe e3uly o0adye MpeoCcTaBsAT AOMbIHUTEIHU Bb3-
MO>KHOCTHU - HallpyUMeEp MPOTPaMUTE MOTaT J1a CE CAMOM3MEHSIT Upe3 100aBsHE UK MTPO-
MEHsIHE Ha QYHKIIMH 10 BpeMe Ha U3bHeHne. ChIo Taka MpoLechT Ha pa3paboTBaHe
OOMKHOBEHO € MO-JIECeH U Obp3 B UHTEPIIPETHPYEMa CPeJia, Thil KaToO HE HY>KHO MPHIIO-
KEHHETO J]a O'bJIe MPEKOMITMINPAHO 32 BCSAKO TECTBAHE JOPH Ha MaJIKa (DyHKITMOHAITHOCT.
JlexoTtara, ¢ KOSITO ce M3IO0JI3Ba JaJIeH €3UK, 3aBUCH OT MHOTO (DaKTOpH, €AUH OT KO-
UTO Ca OTPAaHMYCHUSATA 3a THUIA HA JaHHUTE. JIMHAMHUYHOTO THUIU3WpaHE TO3BOJISBA
Mo-0bp30 pazpaboTBaHE HA MPUIOKEHUSITA, HO TIPU €3UIUTE ChC CTATUYHU TUIIOBE Ha
JAHHWUTE C€ TIOCTUTA MO-JIECHO MpepadoTBaHe Ha He(HYHKIIMOHATIHU €JIEMEHTH OT KO/
(petdakropupane) U NONAPHAKKA HA MPUIOKEHUITA B IBJITOCPOUEH MaH. Jpyr ¢ak-
TOp € CTENEHTa Ha MHOTrocaoBHeE (verbosity), Heo0XoauMa 3a OIMCaHKUE Ha JaJIeHa JIO-
T'UKa.

BaxHo cho0pakeHue ChII0 TaKa € CbCTOSTHUETO Ha OOLTHOCTTA OT IPOTPAMUCTH, IOTIPH-
HACSIIM 32 PA3BUTUETO Ha J]a/ICH €3HK, B KOSATO HAIIPUMEDP MOXKE /1a CE CIIOJAETAT UAEH 3a
OblIel MOA0OPEHHUS 1 J1a CE THPCAT PEIICHUS Ha Pa3JIMYHU MTPOOJIEMHU.
N360pbTHae3uk3a M B kpaliHa cMeTKa 3aBUCH OT KOHKPETHUTE 3aJja4ul, KOUTO TpsiO-
Ba JIa CE M3MBIHAT, CJIOKHOCTTA HAa pPeau3alusaTa, KOJMIeCTBOTO 00paboTBaHH JaH-
HU, Maada Ha TUTAHUPAHOTO PEIICHNE, MPEAUIIHUS OUT U BH3MOXKHOCTHUTE Ha TIPOT -
pamucra.

7. BAK/IIOYEHUE

N3KyCTBEHUAT MHTENEKT € UHTEPIUCIUIUIMHAPHA 00JIacT, KOSTO Mpeasiara HeoOsTHU
BB3MOKHOCTH 3a U3CJIEJIBAHE M MPaKTUYECKU Mpuiiokenus. Hanumanoro paznooOpa-
3U€ OT MPOTPaMHH €3ULU U YCHhBBPIICHCTBAHETO HAa XapaKTEPUCTUKUTE UM MPABAT
Tpy/ZieH n300pa Ha €3UK 3a MpoTrpaMupaHe Ha HHTEIIEKTHU CHCTEMH.

Ot Hacrosmms 0030p MOXe J1a Ce 3aKJII0UU, Y€ HaW-TMOAXOASAIIMIT OT TPEICTABEHUTE
€3UIIM 3a pelllaBaHe Ha CTPOTo JIOTMYecku mpobiemu € Prolog, usto cTpykTypa u
CUHTAKCHUC Hamo100sIBaT B Hall-CHJIHA CTETICH €CTECTBEHATa Joruka. Toii o6ade He ce
CIpaBsi yJIOBJICTBOPUTEITHO C M3UMCIUTEIHH ONIEPAIly HaJl YMCIOBH 00eKkTH. B TOBa
OTHOUIEHUE TOIAMO npeumyiiecTBo uma C++, KOITO OCBEH Obp3MHATa CHU Mpejara u
BB3MOKHOCTH 3a YIPaBJIeHHE Ha U3II'BIHEHUETO OT MO-HUCKO HUBO. E3ukbT Python
HEMPECTaHHO TIeYeIN MOJAPHKHULIM, TPUBJICYEHHU OT JICCHOTO MY M3y4aBaHE U YIOT-
peba, KOeTo OT CBOSl CTpaHa ChbKpallaBa BpPEMETO, HEOOXOJIMMO 3a TMOCTUraHE Ha
KpaitHuTe 1enu. Toi ChIo Taka MOXKe Jia U3II'BJIHSABA Pa3HOOOpa3HU (HYHKIIMHU JTOCTa-
TBYHO J100pe U Obp30 OJaroapeHre Ha MHOKECTBOTO HAJTMYHU OMOIUOTEKH.

B cp3naBaHeTo Ha eHa 1SI0CTHA MPOrpaMa, peaanu3npailla M3KyCTBEH UHTEIIEKT, He-
PAIIKO CE€ U3MOJI3BAT HAKOJIKO MporpaMHuu e3uka. CTpeMEeXKbT € Ja C€ MOCTUTHE ONTH-
MaJIHO OIOJ30TBOPSIBAHE HA BB3MOKHOCTHUTE, MpEJjiaraHd OT BCUUYKU TAX, KATO Chb-
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IIEBPEMEHHO ce€ n30erHaT mo-3HauuMHUTE UM HEJOCTAaThIM. YecTa mpakTHKa 0coOEHO
IpU MO-TOJEMH MPOEKTH € odopMAIaTa CTPYKTypa Ja ce pealn3upa ¢ MOAXOISIIO0
n30paH, y100€H WM MTPOCTO MPEAMOYNTAH €3UK OT BUCOKO HHBO, KbM KOSITO UpE3 WH-
Tepdelicu ce CBBbp3BAT OTIEIHU MOJYJIM, HAITMCAHU Ha Pa3IMYHU €3UIM B 3aBHCU-
MOCT OT KOHKpeTHaTa (hyHKIIHS.
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TEHAEHIIUU B PASBBUTUETO HA CMAPT KAMEPUTE
3A TEXHUYECKO 3PEHUE

Manana Ci1aBoB

Pe3rome: Hacmoawama paboma pasenexicoa HAKOU om Hau-3abenexcumenHume meH-
OeHYUlU 8 pazsumMuemo Ha CMapm Kamepume 3a MexHU4ecko 3peHue KoM MOMeHma.
Onucano e nooensinemo Ha QyHKyuume no oopabomrka Ha OAHHU MeHCOY YeHmpa-
Hus npoyecop u FPGA. Ilpedcmasena e npoovidicasawama menoeHyus 3a MUHUQ-
mopu3ayus, cnocoocmeauia ouje no-wupoKoOmo HAGIU3AaHe HA YCmpoucmea 3a mex-
HU4eCKo 3peHue 8 pobomukama, camoynpasisiemume asmomoouny u 30pageonasea-
Hemo. Hnoycmpus 4.0 cvwo nanaea peouya UUCKEAHUS, 8 M.4. CLbEMECMUMOCHL C
NPOMULUTIEHU MPENCOBU CMAHOAPMU C Yell KOMYHUKAYUS NO 8CUYKU UHOYCMPUATHU
npomoxoau. Haxpas ca npeocmasenu menoenyuume 6 HAIUYHUsL cogpmyep, KIOYU-
MeaHO NAMEHMOBAHU AICOPUMMU U OMBOPEHU NPOOYKMIUL.

Kniwouosu oymu: mexunuuecko 3peHue, MAWUHHO 3peHue, CMapm Kamepu, pobomuxa,
Hnoycmpus 4.0

PROGRESS AND TRENDS IN MACHINE VISION SMART CAMERAS
Danail Slavov

Abstract: This paper examines some of the most remarkable trends in the current de-
velopment of smart cameras for machine vision. It describes the partitioning of data
processing between the CPU and the increasingly utilized FPGA. Attention is paid to
the ongoing tendency for miniaturization which contributes to an even wider spread
of machine vision devices into the fields of robotics, self-driving cars and healthcare.
The Industry 4.0 concept also has its impact on the progress of machine vision cam-
eras, including the need for compatibility with industry standards facilitating the
communication across all major industrial protocols. Finally, a reference is made to
the available software for machine vision, including proprietary algorithms and open-
source products.

Keywords: machine vision, smart cameras, robotics, Industry 4.0

1. BbBBEAEHHE
B npou3sBojcTBeHAaTa MHAYCTPUS UMA CUJIEH CTPEMEX 32 KOHTPOJIUpAHE Ha MPOTUYa-
IIUTE MPOLIECH BbB BCUUKUTE UM MpOsiBIeHUsI. ToBa OOMKHOBEHO CE€ peanu3upa ¢ u3-
MEpBaHe Ha MPOMEHJIMBUTE MIPEAH U ciief mpoueca. [Ilnpoko u3nons3BaH METo 3a Io-
Jy4aBaHE Ha TE3U JaHHU € Ype3 CUCTEMU 3a TEXHUUYECKO 3peHue. Te morar na 3acHemar
M300paxeHusl, 1a IPaBsIT U3MEPBAHUS U IMPOBEPKHU Upe3 aHAIHN3 Ha TE3U U300paKEeHHUS.
BB3MOXKHOCTUTE Ha TakaBa CUCTEMA 3aBHUCST MPEIX BCUUKO OT M3MOJ3BaHUA Xapayep
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U coTyep 3a OCHILECTBABAHE HA aHaTu3a. T0Ba, KOETO MPaBy Ta3u TEXHOJIOTHUS TOJIKOBA
MOIIIHA, € Y€ BMECTO JIOKAJTHU U3MEPBaHUs HAIIPUMED C Jia3epeH Wi (HU3MYECKU CEH-
30p TSI MOKE€ €JHOBPEMEHHO J1a U3BBPIIBA MHOKECTBO U3MEPBAHUS BHPXY CaMO €JIHO
n3zoopaxenue [4].

[Iupoko ce U3MOI3BaT JBA THUIIA peaTU3allii Ha TEXHUYECKO 3pEHUE: CMapT KaMepH 1
cuctemu ¢ nepconaner KoMmoTsp (I1K). ITbpBuTe OOMKHOBEHO CE€ CHCTOAT OT JICHIH,
CEH30p, UHTETpHpaH MOAYI 3a 00paboTKa Ha TaHHU, TaMET, ChAbpKaIa codryepa 3a
00paboTKa, ¥ BXOIHO-U3XOHH KaHAJH, peajJi3upalin onpeaenacHu narepoeiicu. Ipn
cucremute ¢ [IK kamepaTa npenaBa 3acHeTHTe N300pakKeHUs Upe3 CHelHajIeH MPoTo-
KOJI KbM BBHIIEH KOMITIOTHP, KBJETO CE U3BBPIIIBAa OOPAOOTBAHETO UM.
N3non3Ba"neTo Ha cMapT kamepu 3anousa npe3 80-Te ronMHu Ha MUHaIUA Bek. [Ibp-
BOHAYAJTHO B TSAX CE€ BKIIOYBAT HUCKOIIPOM3BOJUTEIHHU MPOILIECOPU U CE TpeiaraT 3a
MPWIOKEHHUsS CaMO C €/IHa KOHKpEeTHa IIeNl - HalpuMep YeTeHe Ha OapKoJoBe, JTOKa-
JU3UPAHO B3EMaHe Ha PEIIeHMs 3a YCIEeX/HEyCleX, ONTUYHO pa3lo3HaBaHE HA CHUM-
BOJIM WM OpOEHE — KOSITO HE M3MCKBA MporpaMupane. TpyAHOTO yIpaBieHHe Ha aj-
TOPUTMH 3a pa3lo3HaBaHE C €TAJIOH Ha KJAc MO TOBAa BpEME O3HA4yaBa, u€ CIIOKHUTE
M300paXKeHMsl WK ONepaluy, U3UCKBALM Obp3 aHajIN3, OCTaBaT U3BBbH BB3MOXKHOC-
TuTe UM. M BCe mak IMpOM3BOJUTENUTE MOCTEIIEHHO M3SIBSIBAT XKEJIaHUE J1a JKEepPTBaT
IPOM3BOJIMTEIIHOCTTA M T'bBKaBOCTTa Ha cuctemute ¢ [1K 3a cmerka Ha nexorara mpu
paboTa U KOMITaKTHAaTa CTPYKTypa Ha CMapT KaMEpHTe.

C nongoOpsiBaHeTO Ha 0OpaboTKaTa cMapT KaMEpUTE 3arouBaT Aa KOHKypUpaT CUCTe-
mute ¢ [IK npu paznuuHu NpuitokeHus, BKIFOUUTEIHO MPOBEPKA Ha CTIIOOSIBAHETO,
uHcnekus upe3 1D u 2D 6apkonoBe u HacouBaHe Ha poOoTu. Te ce Bb3Mmoa3Bar u ot
pa3BuTHETO B TexHosorusTa Ha censopute CMOS, B pe3ynTar Ha KOETO MOHACTOS-
IIeM Ha Ma3apa uMa rojiiMo pa3HooOpasue OT MPOIYKTH C TOJEMH H3YHCIUTEIIHU
BB3MOKHOCTH M pe30iIoIi. Makap Bede J1a CH MpOMpaBsT BT KbM 3paBeoria3Ba-
HETO, OXpaHHWTEIHATa W pa3BlieKaTeTHaTa MHIYCTPHUS, T€ OCHOBHO C€ M3IMOJ3BaT B
MIPOM3BOJICTBEHUS CEKTOP, KBJETO ynorpedara UM MpOAbIKaBa J1a pacTe - 0COOEHO
pU HEOOXOAMMOCT OT HE3aBHCUMO MHCIEKTUPAHE B HAKOJIKO 0OJACTH OT MPOU3BO/I-
CTBEHATA JIMHUSI, HATIP. B aBTOMOOMITHATA TTPOMHUIIICHOCT.

OcBeH Bce Mo-HUCKaTa UM 1[€éHa OCHOBHOTO NMPEAMMCTBO HAa CMapT KaMEpHUTE € HallH-
YHEeTO Ha BrpaJicHu M3UYHMCIUTEIHU BH3MOKHOCTH 3a HE3aBUCHUMO pelllaBaHE Ha 3a-
Ja4y 3a pa3no3HaBaHe Ha 00pa3u 6e3 Bpb3Ka C MepcoHaieH KoMmioThp. KoMmakTHusT
(dbopm-dakTop MO3BOJSABA HA CMAPT KaMEPHUTE J]a C€ MOOUPAT B MAJIKU MPOCTPAHCTBA
WK C TAX Ja ObIaT npeoOopyIBaHU CHINECTBYBAIIN MPoLecH. Thii KaTo UMAT MaTbK
Opoil MOABM)XHM YaCTH W HE TeHEpHUpaT BUCOKH TEeMIIepaTypH, Pa3XxOguTe 3a MOJ-
ApBKKATA UM OCTaBaT HUCKH.

2. MHOT'OIMTPOLHECOPHA APXUTEKTYPA

CBbBpEMEHHUTE CMAPT KamMepu Morar jaa ocurypsiat ckopoctu Ao 300 kaabpa B ce-
kyHaa (fps) npu nbiHa 12-meranukcenoBa pe3omonusi B 10-6utoB pexxum uiu 140
fps B 12-OUTOB pexuUM - XapaKTEPUCTUKH, KOUTO CaMO JONPEIU HSIKOJIKO FOJAUHH Ca
owm HenocTmwkumu. Hamansisanero Ha ROI mpo3operna oT n300pakeHUeTo u Cieo-
BaTEJIHO KOJWYECTBOTO JAHHM B M300PaKEHUETO MOKE JOMBJIHUTEIHO Ja YBEIHYU
CKOPOCTTA.
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Karo enemeHT witm Moy 3a 00pabOTBaHE HA JJAHHW OOMKHOBEHO C€ M3II0JI3Ba IICHT-
paJieH mporiecop ¢ obmo npeanasnadenue (central processing unit, CPU), rpadpuuen
nporecop (graphics processing unit, GPU), mukpomporiecop 3a mudpoBa o6padboTka
Ha curnanu (digital signal processor, DSP) uiu nporpamupyema joruyecka MaTpHIia
(field-programmable gate array, FPGA).

v

—
fc‘-: CCH3OpPEH DJIOK obpadorsam da0K KOMYHHRKAIIHOHEH JAAHHH B
_:_ v YHpasncHie, — obpased anam, — > (RN ;::> nﬁclpaklcu
] npeie. obpatorka BIICOKOMNPECHPABE BhuiL mmp«j»#ﬂcq:: BH
o Ethernet, USB, Firewire o

apxHTeRTYpa: exHouunosa cucrema (SoC), eanH HJIN HIKOIKO Iponecopa

S

@®ur.l.: ApxuTekTypa Ha CMapT KaMEepUTE

Baxxna TeHAeHIIMS B pa3BUTUETO HA CMApT KaMEPUTE € U3IOJI3BAHETO €THOBPEMEHHO
Ha HSKOJIKO €JIeMEeHTa 3a o0paboTBaHe Ha JaHHUTE. MHOTOMPOLIECOPHUTE apXUTEK-
TypHU ca TIOJIE3HH 33 OCUTYpsIBaHE HA BUCOKA MIPOU3BOJAUTEIHOCT MpU 00paboTkara Ha
M300pakeHusl, HE00X0IUMa B MPUIIOKEHUATA HA TEXHUYECKOTO 3pEHHE, ThI KaTo MpH
Hes JCHHOCTUTE MOXE J]a c€ paslpeAesiaT MexAy OTIeaHuTe npouecopu. Hanpumep
TOYKOBaTa 00pabOTKa U MOJOOHU Ha Hes JEWHOCTH — KaTO M3paBHSIBAHE HA XUCTOT-
pamute U punTpupane — Hal-e(heKTUBHO ce u3nbiaHsaBaT oT FPGA, nokaTto 3amauute
M0 CTaTUCTUYECKO pa3loO3HaBaHE C €TaJOH Ha Kjac Morar Hai-7o0pe Jia ce peanusu-
paT Ha MUKPOIIPOIIecop ¢ o010 peaHa3HadeHue [2].

Bonpeku ue mpu oTAETHUTE CMApT KaMepU apXUTEKTypaTa € pasiudHa, eIuH OT JH-
3ailHUTE, OKa3aJld BUCOKATa cU e(hEeKTUBHOCT, BKIt0UBa ARM npouecop, KoMOUHU-
pan ¢ FPGA. Jlornyeckara maTpuiia ce cripaBs epuKacHO ¢ mpeaBapuTesHaTa odpa-
00TKa ¥ KOMYHUKAITMOHHUTE UHTEP(EICH, 3a 1a OCUTYPH YNPABICHHUE B PEATTHO Bpe-
Me U HyJIeBO 3aKkbcHeHHE. [lobaBsHeTo Ha FPGA 3a mpeaBaputeaHo o0paboTBaHe OT
HUCKO HMBO € Ba)KHA CTHIIKA, ThH KaTO OCBOOOXKZIaBa MpoIlecopa OT TE€3W 3aJa4d |
TOM MOJXKE J1a C€ ChCPEIOTOUYM BhPXY BUCOKOTO HUBO Ha 00pabOTBaHE , KOETO HA CBOM
pea HamMaJIsiBa BPEMETO 3a M3ITBIHCHHUE U JTATEHTHOCTTA.

CoBpemennure FPGA, u3non3Banu B cMapT KaMEPUTE, MOXKE Ja CE MEPCOHATUZUPAT
3a CIELMANIHU 1IeJIEBU MPUJIOKEHUS U ca MPEANoYrnTaHa alTepHaTuBa Ha X86 mpoiie-
coputre. FPGA Moxe Bede Ja yrpasisiBa BHeonpeoOpa3yBaTeisi U BXOAHO-U3XO-
HUTE KOMYHHKAllUU, KOETO YYBCTBUTEIHO MOA00OpsBa padoTaTa ChC 3aCHETUTE U300-
pakeHUs] ¥ HaMaJlsiBa HATOBAPBAHETO HA Mpolecopa. 3a pa3jivKa OT CIOXKHUTE Mat-
UM, U3MOI3BAHU B TMO-CTapuTe Kamepu, MoAepHusupanute FPGA necHo morar ga
obnar nporpamupanu ¢ esunute VHDL, Verilog u 6ubnuorexn karo OpenCL. Ilot-
peburtenure ca cBOOOAHHM AMPEKTHO Ja peaqu3upaT MaTEHTOBAHU AJTOPUTMHU C LIET
HaMaJIsIBAaHE Ha HATOBAPBAHETO BBPXY IpoOliecopa, Taka Y€ OCHOBHATa My 3ajadya J1a
OCTaHE aHAJM3UPAHETO Ha JaHHUTE, ekcTpanoympanu ot FPGA.
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3. PABIIPEJAEJIEHU MPEXHN

Crparerusra 3a U3rpaxxJaHe Ha MpeXH OT CMapT KaMepH, PeaTu3upaIin pa3npeacicHu
AITOPUTMH, CHIIO CE JOKa3Ba KATO KJIFOUOB KOMITOHEHT 32 CHCTEMHTE C BIPaJICHO
MaIllMHHO 3pCHHE, KOWTO J1aBa Bh3MOXKHOCT 32 M3IOJI3BAHE HA TEXHOJIOTHH, HACOUYCHH
KbM 00JIAYHU U3YHCIICHUS, HHTEPHET Ha HElllaTa ¥ MHOTO OBJICIIU MPUIIOKCHUSI.
PasnpeneneHuTe ajaropuTMH ca MpeHa3HAYCHU Ja Ce M3IBJIHSIBAT Ha Xapayep, ChC-
TaBEH OT B3aMMHOCBBP3aHH MPOIIECOPH, M CE MPHUJIAraT B pa3jIMuHu 00JIACTH KaTo Te-
JICKOMYHHKAIIUY, U3YUCIIMTEIIHA HAYKH, pa3npeieicHa napopMamoHHa 00padoTka u
yIpaBJICHUE Ha TPOIIECH B peajHo Bpeme. Bceku oT Te3m mporecopH, MpeacTaBis-
Ballld BB3JIM B Mpekara, HIMa NpsKa WHOOPMALHS 32 ChCTOSHHETO HAa OCTAHAIHUTE
BB31H. ENWH BB3en MOke Ja W3BJIeYe CHCTOSHHETO HA JPYT CaMo Cie] TOJTy4aBaHe
Ha choOmieHne ot Hero. [IpemaBaHeTo Ha CHOOUICHUS B paslpeiciiCHHTE CUCTEMHU
MMa HETPHUBHAJIHA CTOWHOCT, 3aTOBA pa3NpeACiICHUTEe aIrOPUTMHU EISIT MUHHUMH3H-
paHe Ha Oposi ChOOIIEHNUS, HCOOXOMMH 3a 3aBBpIIIBAaHE HA aropurbma [5].
PasmpenenenuTe cMapT KamMepH NpPEICTABISBAT PEATHOBPEMEBH JICLICHTPATU3UPAHH
MPEXKH OT BrpaJIcHd CHCTEMH, KOUTO M3IBJIHABAT CIIOKHHU 3a7a4d ¢ TEXHUYIECKO 3pe-
HUE Ype3 HAKOJIKO (WM MHOTO0) Kamepu. To3u moaxoJ; Bh3HUKBa OJjarogapeHue Ha
oOeIMHSIBAaHETO HA € THOBPEMEHHH ITOCTIKEHUS B YUSTHPHU KITFOUOBH JTUCIUTUIHHA: KOM-
MIOTBPHO 3pPEHHE, BUACONPEOOpa3yBaTeH, BrPpajJeHN CHUCTEMH W CEH30PHH MPEXKH.
PasnpenensHero momara Jja ce HaMaJld KOMyHUKallMOHHOTO HAaTOBapBaHE B MpexaTa
OT KaMepH | J1a C€ YBEIIMYIHM HAJICKTHOCTTA U MaabupyeMOCTTa Ha MHOTOKaMEPHUTE
nprIoKeHus. To ChITO Taka OJIMIIETBOPSIBA TCHICHITUATA B CCH30PHUTE MPEXKH 3a BBT-
pempekoBo oOpaboTBaHe. Besika cmapT kamepa, KOSITO € 4acT OT MpeXkara, U3BbpIBa
OTpOMEH OpOoil M3YMCIICHUSs, 3a J1a KOMIIpECHpa JaHHUTE 32 M300paKCHUETO B IO-
abcTtpakTHa (hopMa, KOETO HamasiBa HeOOXO0IMMaTa YeCTOTHA JICHTA 3a MPe/IaBaHEeTO
uM. Te3u Mpexku ce Bh3IOJI3BAT OT OCHOBHHUTE TEXHUKH B Opranusupanero Ha ad hoc
CCH30PHH MPEXH, HO OCBEH TOBA CE HYXKIAAT OT JOIBIHUTEIHU CIIOCBE 3a YIpaBlie-
HHUE Ha JIOKAJTHOTO ¥ HEJIOKAITHOTO oOpadoTBane [3].

CucreMuTe OT CMapTKaMEepPH MOJKE Jla C€ Pa3riIekKaaT KaTo popMa Ha CEH30PHH MPEKH
C MO-pa3INYHU XapaKTEPUCTHKH: TIO-MaJIKO BB3JIM ¥ TIOBEUE N3YNCIUTEITHA, KOMyHHKa-
[IMOHHU Y SHEPTUITHYU PECYpCH BB BCEKU Bb3ell. CeMMUIHATE XapaKTEPUCTUKH Ha
pasIpeneICHITe KaMepy KaTo CEH30pHU MPEKH BOSAT JI0 HAKOU BaxkHH mpobiemu. [1o-
BUIIICHATa CKOPOCT Ha M3YMCIICHHEC M KOMYHHKAITUS M3BUKBA HYXJAa OT TO-YCHBBHP-
IICHCTBAHM YCIIYTH 33 pa3Npec/iCHN H3YUCICHUS, HAlIpUMEp MUTPUPAHE HA 3a1aUUTe
v OaylaHCHpaHe Ha HATOBapBaHETO. Te3n yCIIyTH ca 0COOSHO BaKHU TIPH MPHUIIOKEHUS C
MOBHIIICHA CUTYPHOCT. He00X0 MO € TOYHO KaauOpHupaHe Ha MPEKHUTE OT KaMepH
KaKTO B IPOCTPAHCTBOTO, TaKa M BB BpeMeTo. Korato kM cuctemara ce J00aBHU U
3ByKOBa MH(OpMAIHs, BpEMEBOTO KaaTuOpHpaHe cTaBa JIOpH OIIe mo-BaxxHo [3].
CMmapTt KaMepuTe MOXe Jla ¢ KOMOMHUPAT C IJaHHW OT CEH30pW Ha JPYTU CBBbP3aHU
YCTPOWCTBA M TI0 TO3M HAYWH Jia ce JA00Me MpelcTaBa 3a TOBA, KaK BCSKA CTHIIKA U
MPOMCHJIMBA BIIUSIC BbPXY KpaHUS MTPOIAYKT.

Benuky mpritoskeHUs Ha pa3mnpeelIeHUTe cCMapT KaMepy M3UCKBAT CIIMBAHE HA JaH-
HUTE OT U300paKEHUS C IIe]1 MHTEepIpEeTHpaHe Ha ciieHara. Thil kKaTo 00EKTUTE Ha UH-
TEepeC UMaT CJIOXKHH T€OMETPHYHU OTHOIICHHS MOMEXIY CH, 32 aHAJIM3HPAHETO MM

56



MOXeE J1a € HeoOXOJUMO B3aUMOJACHCTBHE MEXIy pa3iudHu rpymnu ot kamepu. [lo-
paau IBIKEHHETO Ha OOEKTHUTE € BH3MOXKHO IPYNMUTE OT B3aWMOJCWUCTBAIIM CH Ka-
Mepu Ja ce MpoMeHAT O0bp30. IlpenaBanero Ha ISUI0TO BUAECOCHIABPIKAHUE OT TOJISIM
Opoil kKaMepH KbM LIEHTPAJIEH ChPBbP U3UCKBA MHOI'O PECYpPCH U 110 CBOSATA CHIIHOCT
e Hemamadbupyemo. KomOuHanusaTa or MHOTo Ha Opoii BB3JH, FOJIIMO Obp30/1eHCTBIE
U TIOCTOSIHHO IIPOMEHSIIIN CE€ BPB3KM MEXKIY KaMEpUTE HOCH peaula MpPeauMCTBa
IIPE] CbPBBPHUTE ApXUTEKTYpPHU, a AITOPUTMHUTE 3a Pa3NpEeAcIICHH U3YUCIECHHS OCH-
IypsiBaT peajuCTUYEH MOJAXOJ KbM CBH3JABaHE HA TOJIEMH JECLEHTpPAJIM3UpaHu CHUC-
TEMH OT CMapT KaMEPH.

4. MUHUATIOPU3ALIUA

BrpaaenuTe npuinokeHusl HA CMapT KaMepH W JIBUTATEIN B MOCICIHUTE TOIUHU Oe-
JIeKaT CEPHO3CH PBCT B pOOOTHKATA, aBTOMOOUIIOCTPOSHETO, MMPOU3BOJACTBOTO HA Me-
TUITMHCKHA U3/eNUs U JabopaTopHaTa aBTOMaTHKa. ToBa OCHOBHO C€ JBJDKH Ha U3K-
JIOYUTETHO MAJIKUS pa3Mep Ha CMapT KaMepUTe, KaKTo W Ha (akTa, 9e T ChIbpKAT
BCHYKH HEOOXOJIMMH €JIEMEHTH 3a OCBETSABaHE, yBeIW4YaBaHe, 00pabOTBaHE M KOMY-
HUKHPAHE B €MH 3aBBPIICH CEH30PEH MOTyJI. MHOTO KJIIFOYOBH KOMIIAaHUU B cpepara
Ha MEIUIIMHCKAaTa OOpa3Ha JIWarHOCTHKAa IPEIOCTaBAT PEIICHHS, pealu3upaHu C
BrpajzieHa oOpa3Ha TexHoJIOTus. Te3u Manku, ePeKTUBHU U ,,yMHHU " KaMepu OOMKHO-
BEHO C€ MOHTHUPAT HEMOJBHUKHO MU KbM MAJIKH pOOOTH BHB BHETPEITHOCTTA HAa aBTO-
MaTHYHOTO 000pYy/IBaHe.

®ur.2.: JIspo: ungycrpuaieH podot Ha Microscan cbc cmapT kamepa Vision HAWK;
rope: J1a3epHO HACOYBaHA CMapT Kamepa 3a 3aBapsiBaiiy poootu Ha Fanuc [7]

ToBauMmomara 1a U3BLPIIBAT ACHCTBUS KaTO HACHTU(DUITMPAaHe HAa TPOOU U peareHTH,
M3MEpPBAaHE HA HUBOTO HA 3aITbJIBAHE, CIJICJICHE 3a HAJIUYUE U OTCHCTBUE, KAUECTBEHU
(Hamp. 1BETOBO) M KOJIMYECTBECHN M3MEPBAHUS HA IMHCWHU U 0OEMHU BEJIMYMHU, KaK-
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TO ¥ MHOTO JPYTH JEHHOCTH C e MpOoCceAsiBaHe Ha MPAaBUIHOTO MPOTHYaHE HA MPO-
necure [6].

HoBata BbJIHA OT cMapT KamMepu € CTUMYJIMpaHa OT TEHACHIUATA 33 BCE MO-LIMPOKO
U3MO0JI3BaHe HA MUHUATIOPHU, HUCKOCHEPTHUIHU TEXHOJIOTMH, MHOTO OT KOWTO ca 3a-
UMCTBaHHU OT MOTpeOUTENCKUTE BUieoycTpoiicTBa. Unxkenepute npenacsat ARM npo-
necopure, CMOS cenzopute u JIpyru KOMIOHEHTH, TUIIMYHO H3MOJ3BaHU B YCT-
poiicTBakaTo cMapTHOHH, 32 Ja pazpaboTBaT OIIE MO-MaJIKH U ,,yMHU  KAMEPH, YJIOB-
JIETBOPSIBAIIM BCE MO-CTPOTUTE M3UCKBAHMS 32 HAJECKIHOCT, T'bBKABOCT U BBH3MPOU3-
BOJMMOCT, MPUCHIIY Ha TEXHUYECKOTO 3peHue. B pe3ynTaT Ha ToBa HOBOTO MOKOJICHHE
cMapT KaMepu ce IpHueMa Bce Mo-MamadHo B poOOTHKaTa, HAOIIOACHUETO, CAMOYTI-
paBJIsIeMHTE aBTOMOOWIIH, 3/IpaBEONAa3BAaHETO, KAKTO U B TPAJUIIMOHHUTE MPHUIIOXKE-
HUS Ha TEXHUYECKO 3pEHHE KaTo HalpuMep aBTOMaTHYHOTO IIPOU3BOICTBO.

B enexktponukara u 31paBeorna3BaHETO UMa OCOOEHO CHITHA HY’KJa OT M3MOJ3BaHE HA
MUHHATIOpHH OapkogoBe. Korato ctaBa BBIIPOC 3a MPUIOKEHHETO HA CMapT Kame-
puTe 3a pazunTaHe Ha 0apKOJ0OBE, TCHACHIMATA 32 MUHHATIOpU3AIMS B €JICKTPOHU-
KaTa, KaKTO W M3UCKBAHUATA HAa CUCTEMUTE 3a MPUCBOSIBAHE HA YHUKAIHU HIACHTU(U-
KaTopu KbM MeauimHckuTe u3nenus (Harnp. UDI) mpu npon3BoACTBOTO UM U B J1a00-
paTopHaTta aBTOMAaTHKa, YBEJIMYaBaT 3HAYEHHUETO Ha CHOCOOHOCTTA 3a HANEKIHO U
ChIJIaCyBaHO pa3yMTaHE HA TaKWBa MajKd KOJOBE, KOUTO B HSIKOW Cllydyau JOpPHU ca
HEBUMMHU 32 YOBEIIKOTO OKO.

HabntonaBa ce v TeHACHIMS 3a 3a€MaHE Ha TEXHOJIOTUU OT CMapT KaMepuTe 3a TeX-
HUYECKO 3PEHHE U ONOJI30TBOPSBAHETO UM B MOTPEOUTEICKUTE Kamepu, Hali-Beue B
pasBiekarennara nHayctpus. Komnanusra Google nanpumep npepcrasu npe3 2018 r.
npoaykra cu Clips — HOBa kamepa, KOSITO M3I0JI3Ba MAIIMHHO 00y4YeHUE, 3a J1a IPaBU
aBTOMATUYHO CHUMKH Ha XOpa, JOMAITHH JIFOOUMIIM U JPYTH HEellla, KOUTO HaMepH 3a
uHTepecHu. ChIo Taka MHOTO cMapThOHM Bede M3IOJI3BAT pa3lo3HaBaHE Ha JTUIETO
3a OTKJIFOYBAHE.

5. AHAYCTPUAA 4.0

C nanmenoBanueto Muayctpus 4.0 ce o3HauaBa CbBpEMEHHATA TEHACHIUS 3a aBTO-
MaTU3UpaHe ¥ OOMEH Ha JIaHHU B TIPOU3BOJICTBEHUTE TEXHOJIOTHHU. TS BKIIOYBA KU-
O0ep-hbu3MYHN CUCTEMHU, UHTEPHET Ha HellaTa, 00JIaYHW W KOTHUTHBHU W3YHCIICHUA.
UYecro ce Hapuya ,,4eTBbpPTATa NHAYCTPHAIHA PEBOJIIOLUA .

B ycnoBusita Ha Uaayctpust 4.0 yctpolicTBaTa ce CBbP3BaT € JPYyrd KOMIIOHEHTH U
CHUCTEMH, YUaCTBaIlld B Ch3/1aBAHETO HA UHAYCTPUAIIHA CTOMHOCT, C BBTPEIIHUTE JIO-
KQJIHU UHIYCTPUAIHU MPEXHU U ¢ UHTepHET. CMapT KaMepUTE C€ CBBP3BAT UpE3 JIO-
KaJIHU Mpexu (Hali-uecto Ethernet) kbM aBTOMATHYHU YCTPOMCTBA, KOUTO pearupar
Ha Toj1aBaHaTa uH(OpMaIlKs, KOeTo He3abaBHO BOJIU J0 KEJIAHOTO JeHCTBUE O€3 HU-
KakBa yoBelka Hameca. OT 0OMKHOBEH PEaKTUBEH MHCTPYMEHT 32 OTKPUBAHE Ha Jie-
(heKTH AHENTHUTE CMapT KaMepH C€ MPEBPBIIAT B U3BIMYAI UHCTPYMEHT, KOUTO U3-
MOJI3Ba TEXHUKU OT HayKaTa 3a JAHHUTE U CTATUCTUYECKH METOJM B CTHJIA Ha ToJjie-
mute nannHu (big data) 3a m3BiIMuaHe Ha WHGOPMAIKSA OT U300paKCHHS M IIpHJIara-
HETO ¥ B LSUIOTO NPEANPUSITHE.

CMapT KaMmepuTe ce BINUCBAT MOAXOMASIIO B KOHIIETLHUATA 32 ,,yMHa (abpuka‘, Thi
KaTo MpejjaraT pe30JIIolys OT MHOTO METalMKCeIn U CKOPOCT, CpPaBHUMA C Ta3u Ha
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cuctema c IIK, Ho 0e3 pa3mepure, OTAeNsIHATA TOIUIMHA U €HEPruiiHaTa KOHCyMalus,
MPUCHINA HA MACUBHUTE MPOIecCOpH U ceH30pu. OCBEH TOBa, Thil KATO CBBHP3aHOCTTA
€ KIII0Y0B (haKTOp, OMPEACIIAIL ycnenHaTa nporpama B Maayctpus 4.0, MHOTO cMapT
KaMepu ca U3rpaJiecHu Taka, 4e Ja MOJIbpKaT IHUPOKO YCTAHOBEHU CTaHIAPTH B TEX-
HUYeCcKoTO 3penue, karo Camera Link, GigE Vision, CoaXPress niau USB 3.

C momorra Ha CMapT KaMepy W aHaJIW3 Ha JaHHU HalpUMep PbKOBOJMUTEIAT Ha 3a-
BOJIa MOJKE Jla OIpe/IeNIi Kora JaJieH €JIEeMEHT OT 000pyABaHETO IIIe Ce MOBPEH, Ipe-
I €KUITBT TI0 TOJIPBKKATA Aa 3a0eexu, ue uma rnpodiaem. CucTeMuTe yaaBsT mpe-
OYTPETUTETHU MIPU3HALIM, W3MO3BAT JIaHHU 3a Ch3/laBaHe Ha rpaduK 3a MOJIPbKKa
Y TIPOAKTUBHO OOCTYXKBAaT 000PYBAHETO, MPEIU MPOOJIEMBT 1a HAacCThIH. JpyT mpu-
Mep € yrmoTpebara Ha CMapT KaMepH 3a MoyiydaBaHe Ha W300pakeHusi Ha (OpMOBaHU
JICTAIN Ha BCSIKA CTHIIKA OT MPOM3BOICTBEHUS IMPOIIEC, 3alIOYBAUKH OT MECTOTIOJO-
KEHUETO Ha jocTaBuuiute. ChOpaHuTe U300pAKEHUS HA JACTalIuTe MOXe J1a Obaat
CpaBHSBAHM C XWJISIU JIPYTH, CbXPaHEHW B 00JIaK, 32 YCTAHOBSIBAHE HA KOpEJAIluU |
TEHJICHITNN.

[Ipow3BoauTEeIUTE HA CMApT KaMEpH C€ CTPEMST Jla MOIIbp)KAT TamMa OT MPOMHUIII-
JICHU MPEKOBU CTaHAApPTH, U3IMOJI3BAaHU B aBTOMATHKATa, Taka 4e MPOJAYKTUTE UM Ja
ca CIOCOOHHU J1a KOMYHHKHPAT MO0 BCUYKH UHAYCTPUATHHU IPOTOKOJIHM U B PAMKUTE Ha
CTaHJAPTHU JUCKPETHU BXOJHO-U3XOJHU WHTepdeiicu. B Hamm nuu dabpuunute
MPOTOKOJIM MOTaT AUPEKTHO JIa C€ MHTErpUpaT B HAKOU KaMEepH, HO APYTH MPOTOKOJIU
karo Ethernet/IP u PROFINET Mosxe 1a U3MCKBAaT KOHBEPTOPH Ha TpeTH cTpanu [1].

6. TEHAEHIIUU B CO®TYEPA

He mo-manko BakHa OT apXUTEKTypaTa Ha CMapT KaMEepUTe € U JIeKoTaTa Ha yrmoTpe-
0ara UM, KaKTO U Bb3MOXKHOCTTA 3a MPOrpaMUpaHe C e U3IIbIHEHNE Ha KOHKPETHU
3aJaun ¢ HeoOXxoammara ckopocT. OCBeH 4e Te3u KaMepH ce mpejjaraT B pa3HO00-
pa3Hu KOH(HUTypaluu OT THIIOBE Ha BHIEONpeoOpasyBaTelld, MPOIEeCOPH, BXOIOBE,
W3XOJIM M OCBETUTEITHU (DYHKIIMU, TPOU3BOAUTEIUTE MOXKE Ja MPEIOCTaBIT U MPO-
AYKTH 3a peajlu3upaHe Ha CHenu(UUHU 3aJa4M, KaTo HampuMep MpouuTaHe Ha Oap-
kogose. [lo-crapute cMapT KaMepu M3MOJ3BAT 3aTBOPEHH CO(TYyepHHU IIATHOpPMH,
KOETO O3HauaBa, ye Ha TAX MOXKE J1a Ce pas3lojarat camo COPTyepHH HMPOAYKTH OT
ChILIUS MPOU3BOJAUTEN. TO3U MOAXOJ € B MPAKO MPOTUBOPEUUE C LIETUTE Ha MOJEP-
HaTa aBTOMAaTHKa, KOSTO C€ CTPEMH KbM NEepCOHAIM3UPaHE, M'bBKABOCT U Malladupy-
emocT. OTBapsiHETO Ha Iu1atopmara obaye MpeaocTaBsi Bb3MOKHOCT 32 MAKCUMAIHO
OTIOJI30TBOPSIBAHE Ha MPOU3BOJUTEIHOCTTA HA Kamepara 3a TEXHUYECKO 3pEHHE MPHU
mo-HuUcCKa 1eHa [1].

MHOT0 CHCTEMHH WHTETPAaTOPU THPCIT CMapT KaMepH, KOUTO UMAT BH3MOKHOCTH 3a
M3I'BJIHEHUE Ha Pa3HOOOpa3HU Olepaluu Mo o0padboTka Ha W300paKeHUsI — HarpuMep
noo0psiBaHe Ha M300PAKEHUETO, JIOKATU3UPAHE HA XapaKTEPUCTUKH, U3MEpPBAaHE HA
00eKTH, OTKPUBAHE HA HAIMYME/OTCHCTBHE. B TakbB ciydail MpOrpaMHUCTHT € U3Mpa-
BEH IpeJl HAKOJKO BapHaHTa. 3a YJOBJICTBOPsIBAHE HA MOJOOHU HYXKIM MHOTO TPOU3-
BOJIUTENH TIpeyiaraT cMapT KaMepuTe CH ChCc COOCTBEH copryep u cpeda 3a paspa-
00TKa ¢ rpadudeH noTpeduTencku uatepdeiic. Makap ynorpedara Ha TakuBa KaMepu
Ja € OrpaHuveHa camo 10 (pUPMEHHUs COPTyep, CUCTEMHUSAT MHTErpaTop MOXe JAa
pa3ynTa Ha TOBa, Y€ MPOU3BOAUTEIAT MO3HABA OTOJIM30 KAKTO KaMmepaTa, Taka u cod-
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Tyepa 3a aHaJIW3 W pa3llo3HaBaHe Ha o0pa3u, KOMTO TS u3noi3Ba. Hsaxou nmpounsBoau-
TEJIN - 0COOCHO OHE3W C TPATUIIMU B pa3pabOTBaHETO HA cOPTyep 3a TEXHUIECKO 3pe-
HUE - OCh3HABAT MOsBaTa Ha CMApT KaMepH OT TPETH CTPaHH, MOJOOHU Ha Tpejsiara-
HUS OT TAX MPOAYKT. BMecTo ga mpeHeOpersaT Ta3u BB3MOKHOCT, MHOTO TPaJIUIIH-
OHHHU JTOCTABUHMIIM BEYE MO3BOJIABAT BHEAPSBAHETO HA codTyepa UM B MPOAYKTHU OT
Tpetu ctpanu. lIpemmaranuTe oOpa3HU CPECTBA OT MO-MAJIKO PEHOMUPAHHUTE TPOH3-
BOJIUTEJIM YECTO MMAT IMO-OTpaHUYCHA MOJJIPHKKA, HO OJarogapeHue Ha TOBa OTBO-
PEHO B3aMMO/ICHCTBUE ONMMUTHUTE CHCTEMHH WHTETPATOPH MOTaT Jia U3IM0JI3BaT TOTOBH
copTyepHH TIaKeTH U KaMepH OT TPETH CTpaHM 3a pa3paboTBaHE Ha Haii-e()UKACHOTO
1 ¢(pEKTUBHO PEIICHHE 3a 3aJIaYUTE CH 110 TEXHUUIECKO 3peHue [2].

B Hamm nHM MHOTO KOMIAaHWHM OCH3HABAT, Y€ OCHOBHOTO MPOYUTAHE WM TMPOBEPKA
Ha IIeJIOCTTA Ha JJaHHU OT 0apKOJ0BE HaNpUMep TpsiOBa J1a ObJie TOMBIHEHO ChC CHC-
TeMd U codTyep 3a HaOJIOJIEHHE B peallHO Bpeme. Upe3 BHeApsBaHE HA MOJ00HU
MPEKOBH CUCTEMHU PHKOBOIUTEIIMTE HAa 3aBOJIA MOTAT Jla YCTAaHOBSBAT M KiIacupuiru-
paT BCUYKH TPEIIKH IIPH YeTCHE M MIPOBEPKaA, JIa BU3yaTUu3upaT JaHHH 33 IPUIHHHUTE
— HaIpuMep HEW3IPaBeH MPUHTEP 3a OAPKOJIOBE - U 110 TO3W HAYHH JIa YBEIUYAT JIejia
Ha MIPABWJIHO TPOYETEHUTE KOJ0BE, Ja TOJ00PAT €PUKACHOCTTA HA MAIITMHUTE B MPO-
IYKTOBAaTa JIMHUSA U J1a HAMAJISIT 3aryouTe.

®ur.3. : Cucremara Explorer RTM na Cognex MoXke 1a UHTepIpeTHpa JaHHU
3a U300pakeHMs OT YETIM Ha OAPKOJIOBE, 3a Ja OCUTYpH MH(pOpMaIus 3a paborara
YM U1 TI0 TO3HM HaYWH — 32 ChCTOSHUETO Ha TEpUPEPHUTE YCTPONUCTBA
B MHAyCTpHUaiHaTa Mpexa [3].

KoMnanuute ¢ gpara uctopus B MPOU3BOJCTBOTO HA COPTYyep 32 TEXHUUIECKO 3pPEHUE
pa3paboTBaT OMPOCTEHU MOTPEOUTENCKH WHTepdeiicH, M3MOI3BAIld AITOPUTMHU 3a
00paboTKa Ha U300paXKEeHUs, KOUTO B MUHAJIOTO ca MpeJjiaranu caMo Kato GyHKUIUU
3a e3uka C. [1o To3u HaYMH cUCTEMHUTE pa3paboTUnIld HE € HEOOXOAUMO J1a U3BBP-
HIBaT CJIOKHO cO(TyepHO MpOrpaMHupaHe U MoJyuyaBaT cBOOOJA Jla c€ ChCpeaoToUYaT
BBPXY KOHKpETHATAa 33/1a4a 32 MHCTICKIHSI.

JIoKaTo MHOTO MaTEHTOBAHU CMAapT KaMEpU ca HACOYEHHU KbM JEWHOCTH KaTO YETECHE
Ha 0apKoJI0Be, IPOrpaMUPyEMUTE YCTPOICTBA M03BOJIABAT OCHIIECTBABAHE HA Pa3HO-
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o0pa3HM 3a7aud OT TEXHUYECKOTO 3peHue. Bmecro na u3bupar cmapTt kamepa OT
bupma, KOSITO IPOU3BEXKIA KAKTO XapAyepa, Taka u copTyepa, CACTEMHUTE UHTErpa-
TOpU MOTaT Ja u30upar KamMepu Ha TPETH CTpaHH. T'hil KATO MHOTO OT TiIX ca 6a3u-
panu Ha nipouecopu Intel mnmu AMD, pazpaboTunnure MoraT Ja U3MOJI3BaT copTyepa
Ha MPOU3BOAUTEIINTE HAa CMAapT KaMepH, KaKTO M TaKbB 32 KOMIIOTHPHO OazupaHu
CHCTEMH.

Peauiia nmpousBoauTeNn Ha CMapT KaMepu MOAIBPKAT ChIIO COPTYEPHU MaKETH 3a
TEXHUYECKO 3peHUE OT TpeTu cTpanu. CucTeMuTe, M3MOI3BaIIK CO(TyepeH UHTEp-
¢eiic Bb3 OCHOBa Ha MOTOK OT JIaHHHM HAIpUMEp, MOXeE J1a ce IMporpaMupar 3a pas-
JMYHU 33Jla4M KaTo KaauOpupaHe Ha KaMmeparta, 4yeTeHe Ha O6apkoaose, 1D u 2D wus-
MEpBaHUs U CHBIIAJCHHUE C €TAJIOH Ha KJIac.

7. BAKVIIOYEHUE

CTpeMexXbT KbM BCE MO-TOJISIMA MPOU3BOAUTEIIHOCT U MO-BUCOKO KA4YE€CTBO CTUMY-
JIMpa Pa3BUTHUETO HA HOBO MOKOJEHHE YCHBBPUICHCTBAHU CMApPT KaMEpH 3a TEXHU-
4yecko 3peHue. Te KoMOMHMpAT BUCOKU PE3OJIIOIUU U CKOPOCTH, CPABHUMH ChC CHUC-
temute ¢ [IK, 6e3 ma HaciaeAsBaT HEAOCTATHIUTE UM, CBBP3aHU C TOJIEMU pa3MepH,
TOIUIOOTAEIISIHE U €HEpruiiHa KOHCYMallUsl.

BaxxHa TeHneHIMs B Pa3BUTHETO HA MPOMHUIILUIEHUTE CMApPT KAMEPUTE € yBEIU4yaBa-
HETO Ha OBP30CUCTBUETO UM Ype3 MOACIISIHE Ha N3UMCIUTEITHUTE 3a]]a4l MEXIY HS-
KOJIKO 00pa0oTBaIy eIeMEeHTa — Hall 4YeCTO IIEHTPaJIeH MPOIEcop U MporpaMupyema
JIOTMYECKa MAaTPULA.

brnaronapenue Ha BrpajiecHUTe CM MUKPOIIPOLIECOPH U aBTOHOMHATa cu paboTa, cMapT
KaMepUuTe ca OCOOEHO MOIXOAIM 3a BKIIOUBAaHE B JICLIEHTPAIM3MpaHU OOpa3HH
Mpexu. OOpaboTKaTa Ha JaHHHU 4Ype3 Pas3NpeiesieHH aJITOPUTMU MMa CEpUO3HU Tpe-
JIVMMCTBA Tpe]l USHTPAIM3UPAHUS MOAXO0/I, ThH KATO HE HaJjlara MpeJaBaHe Ha ToJie-
MUTE KOJIMYECTBAa UH(pOpMAIs, MMOJyUYeHa MPHU U3IMbJIHECHUE HAa JEHHOCTUTE IO TeX-
HHAYECKO 3pPEHUE.

Pa3BuTHeTO B €lEKTPOHMKATa KaTo ISJI0 CIOCOOCTBAa M 3a Ch3[aBaHE Ha BCE IO-
MaJIKA cMapT Kamepu. [IpoabmkaBa yCIEIIHOTO UM BHEAPSBAHE B MHOI'O MPOMHMILI-
JIEHU OTPacCiu, KbJAETO MPOCTPAHCTBOTO € OrPAHUYEHO OT JAPYrM MAIUIVMHH WU € HE-
00X0IMMO BTPaXJAAaHETO MM B MO-MajKd YCTPOMCTBA, KaTO HAlpuMep MOOWIIHU H
CrieruaIn3upaHu poOOTH.

,,YMHUTE" (DaOpuKH, KOHIIENTYaTU3UPAHU OT YETBBPTATA HHIYCTPHAIHA PEBOIIOIIHSA,
HaJIaraT U3MCKBAHUS 33 CBBP3aHOCT, ABTOHOMHOCT U B3aUMOJIECTBUE MEXKAY BCUUKH
YCTPOMCTBA, y4acTBaIlld B TEXHOJOTHMYHUS Tporiec. CMapT KaMepuTe 3a TEXHUYECKO
3pEHUE UTPASIT M3KIIOYUTEIIHO BAXKHA POJI B PEATM3UPAHETO HA Ta3W MOCTAHOBKA U
CIOoCcOOCTBAT B3EMAHETO HA CAMOCTOSITEIHA pelIeHUs 0€3 yJyacThe Ha YOBEKa.
CucteMHUTE pa3padOTUUIIM, LSS BHEIPSBAHE HA CMapT KaMepHu B MPOU3BOJICTBE-
HUTE CU CHOPBHKEHHUS, pa3noJiarat ¢ HIKOJIKO Pa3uyHU OMIMU: U300p Ha Clelraiu-
3UpaHu YCTPONCTBA ¢ (PUKCHpaHU (PYHKIMH, MPOTPAMUPYEMH KaMepHh OT TPaJMIU-
OHHO YCTaHOBEHU MPOU3BOAMTEINN HA Xapyep U cOPTyep WU KaMepu ¢ OTBOPEH KOJI
OT MMO-MaJIKO PEHOMHUPAHU MPOU3BOAUTENN. TyK MOKe OU MO-CHINECTBEHO 3HAYCHUE
OT CHOTHOIICHHUETO IIEHA-TPON3BOJUTEITHOCT UMAT ()YHKIIMOHATHOCTUTE M HUBATa Ha
codTyepHa MOAIPHKKA, MPEIaraH OT BCEKU MPOU3BOAUTEIL.
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MHoro xomMmaHuM BB3MpHEMAT MOJXOAA 3a MPEAOCTaBsiHE HAa COPTYyEepHU HHCTPY-
MEHTH 3a KOH(UTypupaHe Ha MPOU3BEKIAHUTE OT TAX KaMEpH, BKJI. Ch3JaBaHE Ha
NOTPEOUTENICKU ANTOPUTMH, Upe3 JIECEH 3a U3MOJ3BaHe UHTep(delic, KOeTO HaMalsiBa
HY’KJIaTa OT KOHBEHIIMOHAJIHO IIPOIPaMHpPAaHE.

Makap 4e KbM HACTOSIIMS MOMEHT CBILIECTBYBAT PAa3JIMYHA MHEHHUS OTHOCHO CIIpa-
BSIHETO C IIPEIU3BUKATENICTBATA, HAJIO)KEHU OT aBTOMAaTUKAaTa, BCUUKU c€ 00EIMHABAT
OKOJIO (paKTa, 4e CMapT KaMEpUTE 3a TEXHUYECKO 3PEHUE UIpasT pellaBalia poss B
ISIJIOCTHOTO M Pa3BUTHUE U IPAKTHYECKO OCHIIECTBIBAHE.
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KOMBHUHHMNPAHO YIIPABJIEHUE HA CUCTEMA 3A OXJIA/IEHA BOJA
C TEPMOIIOMIIEH ATPEI'AT U BOJOOXJIA/IMTEJIHA KYJIA

Xpucro Crosinos, /louo IlankoB

Pe3rome: B pabomama e npedcmaser u peanusupan nooxoo 3a YnpasieHue Ha Cuc-
mema 3a oxnadeHa 800a ¢ MmepmMonomnen azpezam u eooooxaaoumenna kyaa. Cuc-
memama npou3eeHcoa 0Xaa0eHa 600a Yeao0200UWHO U pabomu 8 pericum Ha c60O0OHO
oxnaxcoane npe3 cmyoerume meceyu, Kamo U3Noi36a 6bHUHUS 8b30VX U Ce UKTI0UBA
mepmonomnenuam azpezam. Pewenuemo e peanuzupano upe3 npozpamupyem J102u-
yecku koumponep u SCADA pabomua cmanyus 3a susyarusayus. Iloxazanu ca nocu-
yecKku O10K08U cxemu u aneopumvm 3a ynpaenenue. Cv30aoenu ca epaguynu eKkpauu,
U3006pazaeawyu cmamyca Ha CUCIMeMama 8 peairo peme.

Kniwouosu oymu: c60600H0 oxnazxcoame, 80000X1a0UmMenHa Kyld, NpOSpaAMupyem
KOHMpOo./iep, mepmMonomMnen azpecam

COMBINED CONTROL OF A CHILLED WATER SYSTEM WITH A
HEAT PUMP UNIT AND A WATER COOLING TOWER

Hristo Stoyanov, Docho Tsankov

Abstract: In the work is presented and implemented approach for control of a chilled
water system with a heat pump unit and a water cooling tower. The system produces
chilled water all year round and operates in free cooling mode during the cold
months using the outside air and shutting off the heat pump unit. The solution is based
on a programmable logical controller and SCADA workstation is executed. There are
logical block diagrams and control algorithms. Graphic screens with real time system
status are developed and established.
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1. BbBEJIEHUE

OnTUMHU3UPAHETO Ha e€HEepProeeKTUBHOCTTA MPU YMPABICHUETO HA TEPMOIIOMIICHU
CUCTEMHU C pabOTEH areHT BOJa WJIM €TWJICH-TJIMKOJ B IPOU3BOJICTBEHH Crpajd €
Ba)KHA YacT OT peau3allisiTa Ha ChBPEMEHHO yrpasieHue B [1] cucremure 3a crpan-
Ha aBTOMAaTru3alus. MHTErpupaHeTo Ha MHTEIUMTCHTHUTE CrpajJHu cucTteMu [2] u aB-
TOMATU3WPAHO YIPABICHUE HA TEPMOIIOMIICHUTE CUCTEMU LIEJIM HAMAJISIBAHE HA KOH-
CyMalMsiTa Ha €HEprus, KaTo ChUIEBPEMEHHO rapaHTHpa MOJIbPKAHETO Ha 3aja-
JEHUTE NapaMeTpHu.
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Bopooxmnagurenaure kyau [3] oOMKHOBEHO ce Kiacu(HIUpaT KaTo AUPEKTHH (C OT-
BOPEH KPbI') WIW UHAUPEKTHU (ChC 3aTBOPEH KPBI') CUCTEMHU 32 OTBEXKJIAHE HA TOI-
nuHa. [IupeKTHUTE OTBOPEHU BOJOOXJIAAUTEIHHU KYJIH ca ChOPBKEHUS ChC 3aTBOpPEHA
CTPYKTypa, B KOUTO BojlaTa € B JIMPEKTEH KOHTAKT ¢ Bb3Ayxa. OxiiajeHara Boja ce
crOupa B 0aceifH, oTTaM Ts ce IojJaBa 00paTHO KbM paOOTHHUA mpoliec 3a abcopOou-
paHe Ha TOIUIMHA. 3arpeTHUsT U OBJIAXKHEH BB3yX C€ U3XBBHPJIA B aTMocdepaTa B J10C-
TaThYHO OTJIAJICYCHA TOYKA OT BXOSIIUTE BB3AYIIHU OTBOPH, 32 Ja C€ MPeIOTBpaTH
3aCMYKBaHETO My OOpaTHO B KyJjara.

B uHaMpekTHUTE WK BOJIOOXJIAAUTENIHU KYJIU ChC 3aTBOPEH KPBI' HE CE€ OCHIIECTBIABA
JUPEKTEH KOHTAKT MEXAy Bb3lyXxa u pabotHus ¢ayun. [lpu tesu arperatu ce o6oco-
OsiBaT NBa OTIEIHH Kpbra — OTBOPEH M 3aTBOPEH. 3aTBOPEHUST KPBI € CBBP3aH C
MIPOU3BOJICTBEHUS MPOIEC U MIPE3 HETO MPOTHYA OCHOBHUAT (IIyu]l, KOMTO TpsOBa Aa
0b1e oxnageH. OTBOPEHUST KPBI' € TO3H, B KOWTO MPOTHYA OTBEKIAAHETO HA M3JIHIII-
HaTa TorunHa. OxJaxaaHeTo Ha (Iyuaa ce OCBIIECTBSBA Ype3 MPEMHUHABAHETO MY
npe3 TpbOeH TOIIOOOMEHHHUK, OT BBHIIIHATA CTpaHa Ha KOWTO MPOTHUYA MPOIEC Ha
U3MApUTETTHO OXJIAXKAHE.

[len Ha HacrosmaTa padoTa € Ja MpeIioKu KOHTPOJIEPHO YIpaBlieHHe Ha CUCTEMA 3a
MPOM3BOJICTBO HA OXJIaZIeHa BOJia ¢ BB3MOXKHOCTH 3a paboTa B PEKUM Ha CBOOOJIHO
OXJaXXJaHe U MHTETPUPAHETO My B CUCTEMa 3a CTpajJiHa aBTOMAaTH3allks, BKIIOYBAIIA
BOJIOOXJIIUTENTHA KyJia OT MHAWPEKTEH THUIl U TEPMOTIOMIICH arperar.

2. OBEKT 3A YIIPABJIEHUE

OOeKTHT 3a ynpaBlieHUE MPEJICTaBIsIBa CUCTEMA 3a OXJIaJIeHa BOJia KaTo 4acT OT CTy-
JI0B LIEHTHP 3a MPOU3BOJACTBO M AMCTPUOYIMS Ha MPOMMIIIEHA OXJIaJeHa BOJA U €
nokaszaH Ha ¢ur.l. Hanuynu ca nBa BOJHU HUPKYJIAIMOHHU KPbra, KaTro JUCTPUOY-
[[MATa HA BOJATa C€ OCUTypsiBa oT mommeHute rpynu V1 u V2, cbeTosim ce oT JiBe
noMnu — paboTHa W pe3epBHA. B 3aBUCMMOCT OT MOJIOKEHUATA HA OTCEKATEITHUTE
BeHTwM Y1, Y2 u Y3 u ctaryca Ha nomnenute rpynu V1 u V2 cucremara Moxe aa
paboTH B JIBa peKMMa — TEPMOIIOMIIa U CBOOOIHO OXJIaKIaHe.

CeH3opuTe 3a IOTOK CIIYXAaT 3a NOTBbPKICHUE HA HATMYUETO MY, IPEIH Aa ce Aaje
paspereHue 3a paboTa Ha KOMIIPECOPUTE Ha TEPMOIIOMIICHUS arperar.

Censopute T1, T2 u T3 maBat undopmanus 3a TemIeparypaTa Ha OXJiaJieHaTa BoAa
ciiell BOJOOXJIaX/JallaTa KyJja, KOsITO TOCThIIBA BbB BOAOPA3NpPEACIUTENS U Ce 3ac-
MYKBa OT BOJAOCHIbpKATENs Ha CUCTEMaTa.

OCHOBHH KOMITOHCHTH:
e Bopooxnaautenna kyna — WT;

a. CeH30p 3a HUBO Ha OTKpUTHs Oacelt Ha kynaTa — WL
Enexrpuuecku HarpeBaTen Ha BogHus OaceitH — EH;
Bentui 3a gfonniaBane Ha BogHusa OacerH — FV;

BenTun 3a npenupane Ha BojgHus 6aceitn — DV;
[MupkynanroHHa IMOMIIa Ha BOJOOXJIAAUTENHATA KyJia — M;
BenTtunarop — F;

Tepmocrat — Bosien Gaceitn — FT;
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o [lomnenu rpynu — V1 u V2;

e TepmonomneH arperat — HP;

e Orcexkarennu Beutuwid — Y1, Y2 u Y3;
e Temnepatypuu cenzopu — T1, T2 u T3;
e Cenzopu 3a notok — FS1 u FS2.

Bogooxwsagwreana

KomnoresTm:
WL, EH, FV, DV, M,
FFT 3

Teune:ww Bp\.uu:e ’ Orce: o
Bogoo mm“!m Kyna v aeHTMA Y3
Or Kum Hom
Ywsep 1 Yumrep 2 Sumup 1 Swawp 2

TeMNepaTypa Kem Temneparypa or
F " Bogopainpepenurten Bogoconavpmaren
n T3

Bogopasnpeaennren Bogocuabpmaren

®ur.l. Qyukyuonanrna cxema Ha cucmema 3a 0Xaa0eHa 600a
C MepMONOMNEH azpe2am U 60000XAA0UMeNHA Kyia

3. AITOPUTDHBM 3A YIIPABJIEHUE

CbcTaBeH € alropuThM 3a yIpaBJieHHE CHUCTeMara, Mo3BoJIsBall padoTa B JBa pe-
KUMa — PEXKUM ,,TEPMOIIOMIIA‘ U PEKUM ,,CBOOOTHO OXJIaXKJaHe .
biokoBaTa cxema Ha MPEJIOKEHUS AJITOPUTHM 3a YMNpPaBICHUE B PEXKHUM ,,TEPMO-
IoMITa“ € MmokaszaH Ha (Ur.2, KaTo CTapTUPAHETO CE CBEXKJa A0 CleHaTa IMOoCceI0Ba-
TEJIHOCT OT JI€UCTBHUSL:
1. TlpoBepsiBa ce HMBOTO Ha BOJATa B OTKPUTHA OaceliH Jaiud € B HOpPMaJHU
IpaHUIY upe3 Moka3zanueTo Ha cenzop WL.
2. OtBaps ce BeHTUNI Y 1.
3. TlpoBepsiBa ce cTaTychT Ha BEHTWIN Y2 U Y3 32 HAIIBJIHO 3aTBOPEHO CHCTOSI-
HUE.
4. Cnen oTyMTaHe HAa HAITBJIIHO OTBOPEHO ChCTOSIHUE HA BEHTUJ Y 1 ce crapTupa
nomma M1 u mommu V1 u V2 Ha pukcupana yecrora (50Hz — 100%).
5. Cnen moTBBpKJCHUE 3a HaIM4Me Ha MOTOK oT ceHzopute FS1 wu FS2 ce
craptupa BeHTUIaTophT F Ha ¢ukcupana vectora (50Hz — 100%) u ce mo-
JlaBa CUTHAJI 3a pa3pelieHue 3a padboTta Ha TepMonommenus arperat HP.
6. Cnen otuntaneTo Ha ynpasisBail curHain ot HP, nomnenara rpyna V1 npe-
MUHAaBa OT PEXUM ,,pUKCHpaHa YecToTa* Ha PEXKUM ,,IOJUUHEHO YIpPaB-
neHue™ ot TepmonomiieHus arperat HP.
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/. BeHTHnaTopbT NpPEMHUHABA OT PEXUM ,,(DUKCHpAaHA YECTOTA* KbM DPEXHM
»peryirpane Ha Temneparypa““ B touka T1(3aganue - 25°C).

Ha NpEBEpKE JAABHE

Mponepsa 13 MWD
CEHBD - WL

Y1 - Oraaps o8

PEMAM TERAADTONM N

Oa
He TIRCSIPES Eichte:a HP - 3afpasiena paboTa
CAMPAHE PR
TEPMACOSNA i‘
Mpomepua 1asnea
] Bpe e iannCHemme PEHCHM CB. OXAAMGAHE

Lrsban,

W1 - ¥npapnesme or HP V1 - Crimpa c&

F - B pemmms perynnpasse F - Cnepa ce ANTORETIRM 3 PENCHM

cmologmo ounampane

BpomaciasncHoHmne
Apsai,

¥

Mposepea cramyc -
HP

M1 - Crapripane

W1 - Craprapase wa 100%
W2« Craprapase wa 100%

V2 - Cnapa oo
M1 - Cnwpa oe

' Nposepna craTye -

Ha F51wFS2

F - Craprapase wa 100%
HP - Paspewena paboTta

Y1 - BaTaapa e

I jpOSERKa CTATYE -
He Fil w F5 fiY

®ur.2. bnoxosa cxema Ha aneopumvm 3a YNPAGIeHUE 8 PEHCUM MePMONOMNA

[IpomechT 3a crapTupaHe Ha CHCTEMaTa B PEKHUM TEPMOIIOMIIA € 3aBbPIICH IIPH
CIIETHUTE OCOOEHOCTH:

e Jlomnute or nmomnenute rpynu V1 u V2 pabotar xkato paboTHa U pe3epBHA,
peanu3upa ce NPEeBKIOYBAHETO UM Ha BCEKU 7 JAHM C €] M3PaBHSIBAHE Ha pa-
OOTHUTE YacoBe.

e Harpesarensar EH ce ynpasnsiBa ot Tepmoctat FT. [Ipu oTunTane Ha curHai oT
WL — 3amura oT HUCKO HMBO C€ Cliipa padoTaTa UM.

e JlombJIBaHETO Ha OTKPUTHS BOJICH OaceiH Ha BOJIOOXJIAJIUTEIIHATA KYyJia CE M3-
BBpIIBA OT BeHTUI FV cien momanen curHan ot cenzop Ha HuBo WL. [lonbi-
BaHETO € OJIOKMPAHO B CIIy4yall Ha OTYMTAHE HA OTBOPEHO CHCTOSHUE Ha Jipe-
HaxeH BeHTwi DV.

e [Ipu oTdeTeH CUTHAN OT CUCTEMATa 3a KOHTPOJI Ha XUMUYHUS ChCTaB Ha OTKPHU-
THS BOJIEH OaceifH ce cTapTupa Mpoleaypa o MmoaMsiHa Ha BojaTa — OTBapsIT Ce
npeHaxxkeH BeHTH1 DV, kakTo um BeHTH’I 3a gombiaBaHe FV, mokaTto cCUTHaIBT
CcHCTEMaTa 3a KOHTPOJI Ha XUMHUYHUS ChbCTaB € aKTUBEH.

CnupaHeTo Ha peXuM ,,TepMOIIOMITIA“ C€ CBEXA JI0 CleAHaTa MOCJIEI0BATEIIHOCT OT

JIEHUCTBUSL:

1.
2.

[TonaBa ce curnan 3a 3a0panena padora Ha HP;

Cnen BpemesakbcHeHue (1 MuH.) ce cnupa nomneHarpyna V1 v BeHTu-
natopsT F,

CnenBpemesakbcHeHue (4 MUH.) ce criipa romia M1 u roMiieHa rpy-
na V2;
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4. Cnen otunTtaHe Ha jmrca Ha Ha otok oT FS1 u FS2 ce 3arBaps Ben-
™I Y1,

5. Cnen oruuTaHe Ha CTaTyc ,,3aTBOPEHO MOJIOKEHUE Ha BEeHTWI Y 1 ce
CYMTa, Y€ € 3aBBPIICH MPOIECHT IO CIUPAHE Ha CUCTEMAaTa B PEIKUM
TEPMOIIOMITA.

PexxuM ,,cBOOOIHO OXJTaXaaHe ' KaToO aJlTOPUTHM 3a YIIpaBJieHUE € TTOKa3aH Ha OJIOKO-
Bara cxema (hur.3 u e aKTyaJlHa CJIeTHATa TOCIEIOBATEIIHOCT OT ICUCTBHS MPHU CTap-
THUpaHe:

1. OtBaps ce npeHakeH BeHTUI DV

2. Cnen oTynTaHe HA HAITBIHO OTBOPEHO CHCTOSIHUE HA JpeHakeH BeHTWa DV u
BpeMe3aKbCHEHHUE (HAmp. 5 MUH, C KOETO C€ rapaHTUpa, Y€ BOJHUAT OaceiH e
€ TIpa3eH) ce OTBApAT ce BEHTUIU Y2 1 Y 3;

3. IIpoBepsBa ce crarychbT Ha BeHTUIU Y1, Y2 u Y3 u ce ctapTupar BEeHTUIIATO-
pbT F Ha durcupana gectora (50Hz - 100%) u mommenara rpyna V1 Ha Mu-
HumaseH aeout (25Hz — 50%).

Nposepia Janasa
PEHHM TERMOROMAZ

AATOPATEM 38 P
Aa TepsonomMna

He
Nposepwa craTye DV

He
Npoepea 1anuna
PERHM CB. DHARMGAHE

MNposepia CTaTye -

BprsaciamnoHomme 1mae. i

DV - 3aTeapn ce

1 1

¥2 - 3aveapn ce T Y T — F - Craprupane na 100%
¥3 - 3aTeapa ce V1 - Craprupane Ha 50%

t i

MNpoeepsa V1 Ha 100%
HATORAPBAHE

DV - Oreapa ce

He

F - Cnmpa ce

V1 - Cnwpa ce Mposepka craTyc -

YL, YInY3

MpoBepsa cramyc
o

MNposepua 3arBKa
CNHPAHE PENIMM CB,
DUNALAHE

F - B pemam peryanpane ¥i - Ureaps ce -—lnpeuenuuntmu S,
3 ¥3 - Oreapa ce

®ur.3. bnoxosa cxema Ha aneopumvm 3a ynpasieHue
8 pedcum c80O00HO OXNANCOAHe
4. Cnen noTBbpxAeHUE 3a paboTa oT nomneHa rpyna V1 u BpemesakbcHeHue (1
MUH.) c€ pa3pellaBa padoTa Ha perynaropa 3a HoJAbp)KaHe Ha TeMIleparypa B
touka T1(7 °C);
5. Ilpu otuurane Ha 100% HaTtoBapBaHe Ha MoMIIeHA rpyna V1, mogabp:KaHEeTo
Ha TeMIepaTypara B Touka T1 ce ochliecTBsiBa Upe3 peryjiupate Ha 000pOTUTE
Ha BeHTHJIaTOpbT F. [IpouechT 3a crapTupaHe Ha cucTeMaTa € 3aBbpIIEH.
CrnupaHeTro Ha peXHM ,,cBOOOJHO OXJaXJIaHE ce CBeXJa A0 CIeAHaTa MoCieaoBa-
TEJHOCT OT NEUCTBHUSL:
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Cnupa ce nomnena rpymna V1 u BeHtunatopst F;
3aTtBapsaT ce BeHTWM Y1 u Y2;
3aTBaps ce apeHaxeH BeHTu1 DV,

Crnenn oTuMTaHE HA 3aTBOPEHO MOJIOKEHUE Ha ApeHaxeH BeHTw1 DV ce cuura,
Ye € 3aBBPIICH MPOIECHT 10 CIIUpPaHe Ha CUCTEMAaTa B PEeKUM ,,CBOOOIHO OX-
JTaXkmaHe .

> wnh e

5. MPOI'PAMHA PEAJIM3ALIUA U UHTETPUPAHE B IVIAT®OPMA
3A CT'PAJHA ABTOMATU3ALIUA ,,SMARTSTRUXURE*

[IpennokeHOTOo yIpaBieHUE € PeaTu3upaHo ¢ MPOIYKTUTE HA IiaTdopMaTa 3a crpa/-
Ha aBToMarm3arus ,,SmartStruxure [4] ua llnaiinep Enexrpuk. [TporpaMHOTO OCHTY-
psIBaHE € M3TOTBEHO ChC coPTyepHUTE MpoaykTH ,,Building Operation Menta Editor [5]
u ,,Building Operation Graphics Editor 3a mporpamupyem Joruaecku KOHTpoJiep ,,Au-
tomation Server®. YnpapieHHeTO Ha CKOPOCTTa HAa BEHTHJIATOPa Ha BOJOOXJIAXIAIla-
Ta KyJla B Pa3IMYHUTE PEKUMHU € PEATU3UPAHO Ype3 €AHOBPEMEHHO MPEBKIFOYBAHE
Ha IMapaMeTpH Ha peryiaropa u 3agaHuero (¢pur.4).
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®ur.4. [Ipoepamna peanuzayus 6 copmyepen npooykm
,, Building Operation Menta Editor*
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Cw3aaneH eriaBeH rpaduyeH ekpa (pur.5), n3odpasssai ctaTyca Ha cUCTeMaTa B pe-
aTHO BpeMe. B KOHKpETHHS eKpaH ce BU3yaIu3upar:

L4 CTaTyc, HaJIM4YMC Ha aBapuvs U MOMCHTHO HAaTOBAapBAaHC Ha BCHTHUJIATOpa Ha BO-
A00XJIaIuTCIIHATa KYyJIa.

L CTaTyc, HaJIW4YUEC Ha aBapyusa 1 MOMCHTHO HATOBApPBAaHC HA IOMIICHHUTC I'PyIId U
TCPMOIIOMIICHUSA arperar.

e (CraTyc Ha OTCEKaTEITHUTE BEHTUJIH.
e (CraTyc Ha CEH30pUTE 32 MOTOK.

e Jloka3zaHusATa B peaJlHO BpeM€ Ha TOYKUTE 3a M3MEpPBAaHE HA TeMIlepaTypa Ha
OXJIaJicHaTa BOJA.
e [lanein 3a ynpaBieHue
[ Tepmmnaunes speryr |

_-~

Cl-lh"-llul-
= =g

[ Oresearaiten Berun 7 | 5 | T
. -
- e | N e |

l.- -v——mu ” o l-”uw-n—

‘";— — i

®ur.5. [ paguuen expan nokaseawy cmamycvm Ha CUCMEMAMA 8 PEATHO 8peMe.
5. PE3YJITATHU U AHAJIN3U

C men npoBepka Ha pabOTOCMIOCOOHOCTTA € TPOBEICHO JCTAMIHO HAOII0eHUE Ha OC-
HOBHU TapaMeTpH Ha CHUCTeMaTa B PeXHUM , TepMmorioMma‘ 3a 24 gaca. Ha ¢ur.6.1 u
¢wur.6.2 ca BU3yaauM3upaHd BHHITHUTE METCOPOJIOTHYHHU YCIOBUS (TeMIepaTypa 1 OT-
HOCHTEJTHA BJIAYKHOCT) M PEaKIMUTE Ha OCHOBHHTE arperaTH Ha 3aTBOPEHUS M OTBO-
peHHS KpBI Ha cucTeMara (OTHOCHTEITHO HaTOBapBaHE HA TEPMOITOMIIATa WU OTHOCH-
TeJTHATa CKOPOCT Ha BEHTUJIATOpa Ha BOJOOXJIaINTETHATA KyJIa).

XapaKTepHO 3a TO3M PEKUM €, Ue TeMIlepaTypara Ha OXJaJieHaTa BoJla MoJgaBaHa KbM
,»CTYJIOBUS IGHTBP C€ MOJJbpKa OT TEPMOIIOMIIEHUs1 arperar. BogooxmnaaurenHara
KyJa OCHTypsBa NOCTOSIHHU MapaMEeTpPH Ha Kpbra 3a OTBEXKIAHE HAa M3JIMIIHATA TOII-
auHa. OT BBHIIHUTE YCJIOBHS ce 3a0ems3BaT JBa BPEMEBU NEPUOAA — MEPUOJ ChC
CPaBHUTEIHO BUCOKA BBHIIHA TEMIIEPATypa P HUCKA OTHOCHUTEIHA BIAXKHOCT (HAJ
12°C ¢ makcumym 14.1°C u ox 40% c munumym 36%) 1 epuoj chC CPaBHUTEITHO
HUCKa BBHIIIHA TeMIlepaTypa Mpy BUCOKA OTHOCUTEIHA BiIaxHOCT (rmoa 9°C ¢ MuHu-
MyM 6.5°C u Hag 55% c munumym 829%).
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Outside Temperature °C Outside RH%
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®ur.6.1. Bvruwna memnepamypa u OmHOCUMENHA BLANCHOCTN
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®ur.6.2. Hamosapeane na mepmonomnen azpecam u cKOpocm
HAa 6eHMUIAMOPA 3a 80000XAA0UMENHA KYd — 3aMBOPeH Mun

Peakuusita Ha yrpaBlIeHHETO 3a JiBaTa MEPHOJIa C€ XapaKTepu3upa C MOBUIIIABAHE Ha
HAaTOBAapBaHETO HA TEPMOIIOMIIATa, ChYETAHO C padOTa HA BEHTHJIATOPA MPU ITBPBUST
nepuon (12:42 + 17:42) u 3ana3BaHe Ha HATOBAPBAHETO HA TEPMOIIOMIICHHS arperar
Y U3KJII0YBaHE Ha BeHTUiIaTopa npu Bropus (1:02 + 11:02).

6. SAKJIFOUEHUE
Peanm3upano e KOMOMHUPAHO yMpaBlieHHE Ha CHCTEMa 3a OXJIaJleHa BOJa C TepMO-

IMOMIICH arperat 1 BOJAOOXJIaJUTCIIHA KYJIa.

Ch3mafieHUTe aNrOpUTMHU TIO3BOJISBAT U3IOJI3BAHETO HA MAKCHUMAITHUS KalaluTeT Ha
arperature, KaTo ChIIEBPEMEHHO PAaO0OTHUTE UM PEXHUMH ca OJIU3KH 0 ONITUMATHHUTE
10 €(h)eKTUBHOCT.

Cnen cumynanuonHo uscneaane B Building Operation Menta Editor* e peanusupano
BHEJpSIBAHE Ha yNPABICHUETO B peajHa CUCTEMA.

B pexum ,,repmoniomna‘ € M3BBPIICHO AECTAWIHO HAONIOJCHHWE HA OCHOBHHU Iapa-
METpPH Ha cucTemara B 3a 24 yaca.

[IpencraBeHuTe €KCIIEpUMEHTATHU JAaHHU MOKAa3BaT MbJHATa paboOTOCMOCOOHOCT HA
CUCTEMATa 3a YIPABJICHHE.
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NHIUPEKTHO YIIPABJIEHUE HA HAITIOP
B IIOMIIEHM AT'PET'ATH

Jouo IlankoB

Pe3rome: B npedcmasenama paboma e npeodniodcena peanuzayus Ha UHOUPEKmHoO yn-
pasienue Ha HANop 6 YUPKYIAYUOHHU NOMNEHU azpe2amu, 3a08UNCEAHU OM ACUHX-
POHHU Ogueamenu ¢ yecmomHo ynpaeienue. B cpeda Matlab/Simulink e pazpabomen
OYyeHumesn Ha Hanop 3a Kiac yeHmpoobexcuu nomnu. Ilposedeno € cumyrayuornHo u3c-
Jledsame Ha cucmema 3a UHOUPEeKMHO YnpaesieHue Ha Hanop.

Knrouoeu oymu: Matlab/Simulink, yupxyrayuonnu nomnenu acpecamu, unoupexmmo
ynpaenenue

INDIRECT HEAD CONTROL IN PUMP AGGREGATES
Docho Tsankov

Abstract: In the present work is proposed the implementation of indirect head control
in circulating pump aggregates driven by asynchronous motors with frequency con-
trol. In the Matlab / Simulink environment was developed a centrifugal pump head es-
timator. Conducted simulation study of a system for indirect head control.

Keywords: Matlab/Simulink, centrifugal pump aggregates, indirect control

BBBEJEHUE

[ToMnienuTe arperatd HamMHupaT MIUPOKO MPHUIOKEHUE KAKTO B CIPAJHUTE CUCTEMU,
Taka U B IIJIOCTHUTE TPAJICKU CUCTEMHU 3a OTOILIEHUE, BOJIOCHAOISIBAHE M KaHAJIU3a-
uusa. B pequna ciyyau npu cbriiacyBaHeTo Ha paboTaTa UM C pa3iMuHA KOHCYMAaTOPH
Y MPEHOCHUW MPEXKU U3UCKBAHMATA 3a JMana3oHa Ha U3MEHEHHE Ha TEXHUTE Iapa-
METpPH KaTo HAmop u JeOUT ca Hee(DeKTUBHU ChC CPEJCTBATA HA JApocenupaHeTo. Me-
TOAWTE 32 OCUTYpsIBAaHE Ha HEOOXOAMMOTO ChIJIACYBaHE MPEMUHABAT MPE3 peanusa-
[UATA HA PA3IMYHU KOHPUTYpAIMU OT IMMOMIICHU arperaT, KOUTO ce Oa3upaT Ha: He-
pEeryJIMpyeMHU €JIEKTPO3aJABUKBAHUS B CTApPT-CTONEH PEKUM U PETYIUPYEMU €IICKT-
PO3aJIBI>KBAaHUSI C PETyJMpaHe HAa CKOPOCTTa Ha BbpTeHe. Haili-paznpocTpaHeHu ca
pelIeHusTa 3a YIPaBICHUE HA CKOPOCT OT THUIIA: 33JBUKBAHE C ACUHXPOHEH MOTOD C
HaKbCO ChEAUHEH POTOP M YECTOTHO YIIPABICHHUE MIPU pean3alnsTa Ha CPaBHUTEIHO
Hucku MorrHoctd (S00KW) u acunxpoHeH MOTOp ¢ (a3eH poTOp € Bb3MOXHOCT 3a
yIpaBJIeHHE KaKTO OT CTpaHa Ha CTaTopa, Taka M OT CTpaHAa Ha POTopa. YmpasJie-
HUETO Ha BTOPHS THUIl CUCTEMU 32 €JIEKTPO3aJIBIKBAHE € MOJYYUII0O HAUMEHOBAHUETO
ACUHXPOHHU BEHTWJIHM KAacKaJly, KaTo MpHU TAX 4Ype3 BKIIOUBAHE HA JOMBIHUTEJICH
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W3TOYHUK Ha PEryJupyeMO €JEeKTPOJABHKENIO0 HANPEKEHUE B POTOpPHATa Bepura
€HEeprusATa oT ,,XJIb3raHETO €€ BpPbIlla B MpEKaTa.

N3BecTHO €, ue npu neHTpodexnute nomnu 20% HamalsiBaHE Ha CKOPOCTTa Ha Bbp-
TeHe Ha TypOuHarta Boju 10 50% UKOHOMUS HA €Heprusi, T0KaTo Mpu 0OOEMHUTE U He-
IICHTPOOCIKHUTE POTAIMOHHHU TOMITH choTHOIIeHUsATa ca 30% kbM 30% [1]. LlenTpo-
OCKHHUTE TIOMITM Ca €JHU OT HAW-U3MOJI3BAHUTE MOMIH B CUCTEMHUTE 3a OTOIUICHHE,
BOJIOCHA0/sIBaHE W KaHAJW3allKs, a KaTo J00aBUM U ynoTpedara UM B MHIYCTPUSTA,
TAXHOTO MpHiIokeHue aoctura 10 90% ot o010To NPHUIIOKEHUE Ha TTOMITH.

CrnenoBaTenHO MOe J1a ObJle HAIPABEH U3BOJBT, Y€ MPUIAraHETO HA CTPATETUH 32
YIIPABJICHUE, BOACIIU 10 HaMalsiBaHE CKOPOCTTAa Ha €IEKTPO3aJBMUKBAHETO HA IIOM-
IIEHUTE arperaTv, OCUTypsiBa U €HEPrONKOHOMUYHOCT.

B crpagauTe cuctemMu MOMIIEHUTE arperaTd C€ BKJIIOYBAT B PA3JIMYHU MbPBUYHU U
BTOPUYHU KOHTYPH, KaTO PA3IUYHUTE TUMIOBE KOHCYMATOPH M TEXHUTE PETYJIUPALIH
OpraHu B IpoIlleca Ha paboTa MPOMEHAT OCHOBHUTE XUPABINYHU MTapaMeTpU Ha TE3U
KOHTypH. Kato Kinacuyecku ca ce HAUIOXKWIN TPU MOAXO/a MPU YIIPABJICHUE HA MOM-
MUATE: yOpaBJICHUE OT THUIA MTOCTOSTHHO HAJIATaHe (Hamop), yrpaBJIeHUE OT TUIA KOHC-
TaHTEH JIeOUT W yIpaBjeHUE C MPOIMOPIIMOHATHO Halisrane (Hamop). Beeku ot meTo-
JIATE W3MCKBA M3MEPBAHE HAa ChOTBETHATA YIIPABJIsIEMa KOOPJAWHATA, HO HE BUHATHU €
BB3MOKHO CHOTBETHHUAT CEH30pP J1a ObJe MOHTHUPAH Ha HaW-MOJIXOJAIIOTO MSCTO B
XUApaBINYHATA CHCTEMa, KOCTO MOXKE Jia JOBEJe A0 Pa3IMYHU HexkedaH!u e(EeKTH.
Hauunbt na ce m3berne ToBa MmpeMuHaBa IpPe3 M3MOJI3BaHE HA HAKOJKO CEH30pa 3a
€/IHAa BEJIMYMHA, PA3IIOJI0KEHU B PA3JIMYHU TOYKH, U JIOCTUTA JI0 METOJIM 32 KOCBEHATA
U OIICHKA.

OcHoBHa 11€71 Ha Ta3u paboTa € peanusanus Ha MHIUPEKTHO YIpaBJICHUE HA HAopa
Ha LEHTPOOEekKHa TToMIIa.

TEOPETUYHA OBOCHOBKA

N3BecTHO €, ue M3MEHEHHUETO Ha BIiIoBaTa CKOPOCT Ha PabOTHOTO KOJIEJIO MPHU IEHT-
POOEXKHUTE TTOMIIM BOJU JO U3MEHEHHE HAa BCUUKU paOOTHU MapamMeTpu Ha Iomriara
[2,3]. IIpenopbuBa ce nMper34nCIISIBAHETO HA OCHOBHHUTE XapaKTEPUCTUKH Ha TIOMITIaTa
7la cTaBa 4pe3 Taka HapeueHuTe GOpMyau Ha mozjodue [4], copen KOMTO Bpb3KaTa
MEXy OCHOBHUTE IMapaMeTpH Ha MOMIIaTa MPH pa3InyHUu CKOPOCTH Ha TypOWHATa €
(GyHKIIMOHATHA 3aBUCHUMOCT MEXIY CHOTHOIICHHSITAa Ha CHOTBETHUTE TMapaMeTpH H
CHOTBETHUTE CKOPOCTH. 3a Hamop, AeOUT, MOIIMHOCT M MOMEHT T€ W3TJCKIAT IO

CJICOAHHS HAYUH:
2 3 2

Q_o . H (o) R (o) M _[ao (1)

Qz w, H 2 , Pz w, M 2 ,

HanophaTa xapakTeprcTHKa Ha IOMITaTa MOXe Ja ce onuiie [4] upe3 mosmHoM ot 2-
pu pen (HembJieH MpU U3MOJ3BaHe Ha momImara B uHtepBai, kbjaero KII/[ uma Haii-
rojsMaTa CTOWHOCT MJIU OJIM3KUTE JIO Hesl CTOMHOCTH) M MPU OTYUTAHE HA YPaBHCHUSI
(1) me mobue Buma:
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o )
H=H,| > -5Q" )

n

KbAeT0. H, - QUKTHBEH HAmOp, CLOTBETCTBA Ha HYJIEBO IOJaBaHe (HyJeB N€OUT Ha
mommnara) , S,- (UKTMBHO XMAPaBIMYHO CHIPOTUBIEHHE, O, ®,- IPOMEHIMBATA U

HOMHUHAJIHATa bIJI0BA CKOPOCT.
MaremaTtuyecku TpbOOIIPOBOABT MOXKE Ja ObJE OMUCAH Ype3 ypaBHEHHETO Ha bep-
HYJIH:

V—+gz+£:B, (3)
2 p

KBICTO. V - CKOpPOCT Ha (1)JIYI/I,[[3, g - 3€MHO YCKOPCHHE, O, P- INIBTHOCT U HAJIATaHE

Ha (ayuaa, Z- BUCOUMHATa HaJ omnpenesieHa (0a3oBa) paBHMHA U B - KoHCTaHTa Ha
bepnynu.

[lo-ronsiMo pa3npocTpaHEHUE € MOIMYYWIIO ONMMCAaHUE, HAPEUEHO XapaKTEepUCTUKa Ha
TPBHOOIPOBOJIA, KOETO UMA CIEAHUS BU/L:

H=H,+5Q", (4)

KaTo TyK: H - Hamop Ha BXoJa Ha cucreMara, H - craTuueH Hamop, S, - XUJPaBIMYHO
CBHIPOTUBIIEHUE HAa TPHOONPoBOAa, Q - MpeMUHANMAT Mpe3 TphOHATa cucTemMa J1eOuT.

Ay

H, o ;s
= o
J:
. :
: » . Q
o oo

®dwur.1.

Ha ¢ur.1 e nokazano u3MeHeHue Ha HAMIOPHU XAPAKTEPUCTUKU M paOOTHU TOYKU Ha
TUTIOBA IIEHTPOOEKHA TOMIIa MPHU HM3MEHEHHWE Ha BIJoBaTa CKOPOCT Ha TypOu-
HaTa.MOIIHOCTTA, KOATO KOHCyMHpa nommata [2,3], 3aBUCH OT He0OXoauMara MOIII-
HOCT 3a PeMEeCTBaHE Ha OMpeIesIeHa Maca TEYHOCT MPHU ONPEACIICHU YCIOBUS U 3ary-
OuTEe OT TPUEHE B MEXAaHUYHUTE YaCTH U XUJIPABIUYHU 3aryOou. Te3u aBa KOMIOHEHTA
€ IIPHETO Jia Ce M3pa3siBaT 4Ype3 IMoJie3HaTa MOITHOCT Ha TMoMIiaTa U Koe(UIIMeHTa Ha
MOJIE3HO JCHUCTBHE:

P= 29 5 ©)
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Karo 3a xoeduirenTa Ha Moyie3HO IEHCTBUE MPHU PETYIUPAHE Ha CKOPOCTTa MOXKE Ja
ce u3noi3Ba Moauduipanata popmysna Ha Mynu:

1_
p=1- T (6)

0,36
)

)

n

PabGoTHaTa Touka Ha cucTeMaTa ce ompesens OT OOII0TO pelieHre Ha uzpaszure (2) u
(4), a MexaHn4yHaTa Bpbh3Ka B OMMCAHUETO HA MOMIATa MOXE Jla CE€ MOJIYyYd KaTo ce
M3pa3d MOMEHTHT Ha Baja Ha nomrara ot (5) u (6).

OLEHSABAHE HA HAITIOP B UHTEI'PUPAHU CT'PA/THU OBK CUCTEMH

[Ipu peanu3anusaTa Ha OLICHUTEI HA HAIIOP MOKE J]a C€ U3I0JI3Ba Bpb3KaTa MEXKIy Jie-
OUT 1 Hanmop B pabOTHUTE XAPAKTEPUCTHUKH HA MOMIIATA 32 PA3IMYHU BIJIOBU CKO-
poctu. Torasa 3aayaTta ce cBeJa A0 M3MO0JI3BaHE HA CEH30p 3a ACOUT WM J00aBsiHE
Ha oreHuTeN 3a nebut. [Ipennoxenure pemrenus [5,6,7] ca cBbp3aHu ¢ OICHKATa Ha
nebuTa, KaTo MpeABapUTEIHO CE 3HAae KaKBa KOHCYMUpaHa MOIIHOCT, OTTOBaps Ha TO-
3u 1e6uT. TakuBa 1aHHU ce AaBaT YE€CTO OT IPOU3BOJUTEIUTE HA TIOMIIUM, HO OOMKHO-
BEHO TOBA € CaAMO €/IHa XapaKTEPUCTHUKA [IPY HOMUHAJIEH PEXKUM.

OHCHHB&HGTO Ha II€6I/IT/ HaIlop IIpCMHHABa IIPC3 CICAHUTC CTAIlM, KOUTO MOraT [a CC
H3I10JI3BAT KAaTO aJIlOPUTHM.

e lI3MepBaHEe HAa KOHCyMHUpaHaTa akTMBHa MOIIHOCT. ChbBpPEMEHHUTE 4YECTOTOIpE-
oOpa3yBarenu HMMaT BrpajieHa Bb3MOXHOCT 3a OINPEACIIIHE Ha PEelMIia MapaMeTpH Ha
JBUTATEJIsl: MOIIHOCT Ha BaJla, CKOPOCT HA BBPTEHE, MOMEHT Ha Bajla U Ap. AKO He ce
pasmorjara ¢ TakaBa BB3MOXHOCT, C€ H3MEpBa KOHCyMalUsATa Npead Mpeood-
pasyBaresi, HO ToraBa TpsOBa aa ce otuere oomus KII/I.

L H3MepBaHe HJIKX OLCHABAHC HA bIjIOBaTa CKOPOCT.

o [lomyyaBaHe Ha CEMEMCTBO XapaKTEPUCTUKHU €OUT-KOHCYMUpaHa MOITHOCT U Ha-
Mop-1eOUT MpU pa3IUYHU CKOPOCTH Ha mommata. M3mon3BaT ce JaHHU OT MPOU3BO-
auTenuTe Ha 0a3aTa Ha MOHE €HA XapaKTepUCTUKA WIM JIaHHWUTE OT Tabeiiata Ha
nomrara. ChlecTByBaT METO/IM 3a MOJTyYyaBaHe Ha XapaKTEPUCTUKHU Upe3 JaHHUTE OT
TabenaTa Ha MOMIIATa, HO T€ HE BUHArW JaBaT HEOOXO0IMMAaTa TOYHOCT.

e 3a m3MepeHaTa KOHCyYMHUpaHa SHEprus IMpH JajeHa brioBa CKOPOCT OT ChOTBET-
HaTa XapaKTepUCTHKAa Ha MOMIIaTa JeOUT-KOHCYMHpaHa MOIIHOCT CE€ OIpeaes Je-
owura.

e Ot xapakTepUCTHKaTa HaMop-IeOUT 3a ChIaTa BIII0OBa CKOPOCT CE OMPEACNsS Ch-
OTBETCTBAIIUSAT Ha MO-TOPE OMpPECIICHHs 1eOUT HATop.

To3u npotiec ¢ oHarie[ieH Ha (ur.2, u3noa3Banu ca ganau 3a nmomma Wilo-top-s-25/5.
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Wilo-TOP-S 25/5

Wilo-TOP-S 30/5
3-500V - Rpl/Rplifs

Himepena momuoct Ouenen Hanop
HA BAJIA HA IBATATEIN HA OMIATA

Pyw

10 /
o el | ,
i

IS _h g § Qm'h - | —1
R, . et "g — 3 Y 5 & Qwh

®@ur.2.

ToukaTa OT HaIlOpHAaTa XapaKTCPUCTHKA, OT KOATO CC IIOJydaBa OLCHCHHAT HaAIIOp,
IIOKa3Ba pa60THaTa TO4YKa Ha CUCTEMATaA.

Matlab-PEAJIM3ALIUSA HA UHAWUPEKTHO YIIPABJIEHHUE I1O HAITOP

[Tpu monenmupane B Matlab/Simulink ca usnonspann nannute 3a momma Wilo-top-s-
25/5. V3BBpIlICHO € MpeMHUHABaHe OT rpadUyeH KbM aHAJIMTHUCH 3alMC HA JTaHHUTE
cbe momoinra Ha codryepa GetData Graph Digitizer. [Tonydenure TaOnUYHM JaHHHA
ca anpoKCUMHUpaHu ¢ GyHKIUOHATHU 3aBUCUMOCTH. [Ipu peanuzanuara Ha OIEHUTEN
Ha J1IeOUT ca M3CIEIBAaHU BBH3MOXKHOCTHTE 32 M3IOJI3BAHE HA KIACHUYECKUTE 3aBUCH-
moctu (1)+(5), karo pesynraTuTe MpH OICHIBAHE Ca CPABHEHU C TE3U Ha OILCHHUTEI
peanu3upaH Mo anmpoKCUMUpPaHU (HYHKIIMOHATHU 3aBUCUMOCTHU. 3aBUIICHU OTKJIOHE-
HUS C€ TIoJTydaBaT MpH ACOWTH W3BBH 30HATA HA MaKCUMajHa €(EKTUBHOCT Ha TIOM-
raTta ¥ Ipy roJieMH CTOMHOCTH Ha neduta. Ha ¢ur.3 ca mokazanam H-Q u Py-Q xapak-
TEPUCTUKH TPU U3MEHECHHE Ha BIIIOBAaTa CKOPOCT B OTHOCHUTEIIHHM CIUHUIIA B TUara-
30Ha ot 0,3 110 1, kaTo Py, € XxuapaBaryHaTa MOIHOCT Ha MOMIIATA.
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OT xapakTepUCTUKUTE CE€ BIDKIA, Y€ JI0 MAKCMMyMa Ha MOIIHOCTTa MaKCHUMAaJHOTO
OTHOCUTEITHO OTKJIIOHeHne ¢ 4%, JoKaTo IMpHW CTOMHOCTH Ha JeOWTa IMO-BHCOKH OT
nebuTa, ChOTBETCTBAIIl HA MaKCUMaJIHA MOIIHOCT, Te gocturat 10 42%o.
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dur.4.

Ha ¢ur.4 ce Bmx/1a ”3MEHEHHETO HA KOHCYMUpPaHaTa MOUTHOCT MPH Pa3jIudyHHU CTOM-
HOCTH Ha JIcOUTa U pa3InIHU BIIIOBH CKOPOCTH.

B®3 ocHoBa Ha Taka mosydeHuTe 3aBucumoctd B Matlab/Simulink e peanmusupan
OLICHHUTEJI HA HAIop, paboTel] 0 MOCOYCHHUs Mo-rope anroputbM. Ciell mpoBepka Ha
paboTOCOCOOHOCTTA HA OLICHHUTEIISI € MOJICIIUPaHa U ISNIOCTHA CUCTEMa 33 WHIAUPEK-
THO YIPaBJICHUE HA HAIOP, CTPYKTypHATa cXeMa € rmoka3ana Ha ¢wur.5.
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OcHOBHU KOMIIOHEHTH OT MOJIEIMpaHarTa cucremara ca: Enekrpo3aaBukBane, peaju-
3UpaHO C JIMHEApU3HUpaH MojieNl, 0a3upaH Ha paboTHaATa YacT OT MEXaHWYHaTa XapakK-
Tepuctuka; Mozen Ha nommna, npeactaBeHa ¢ H-Q xapakrepuctukara cu; Mozen Ha
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TPBHOOIIPOBOIHA CHCTEMA C BBH3MOKHOCT 3a M3MEHEHHE Ha XHUAPABINYHOTO CHIIPO-
TUBJICHUE U cTaTuuHUs Hanop; Onenuren Ha Hanop; [Tapanenen [IU]] perynarop.
[IpoBenieH € cuMyallMOHEH €KCIIEPUMEHT IIPU CJICIHUS CIIEHAPUIA:

Cucremara 3anouBa paboTa Mpu 3aJlaHue 3a Harmop 2 m, koeto cien 150 S ce mpomeHns
Ha 1 M, npe3 ToBa BpeMe HM3MEHEHHUETO Ha XUIAPABIMYHOTO CHIPOTUBJICHUE THPIH
YEeTUPUKPATHO M3MeHeHue 1o Bpeme Ha 100-HaTta cekyHna. I[IpoBeneHusT excriepu-
MEHT MOKa3Ba HAII'bJIHO PaOOTOCIIOCOOHOCTTA HAa CUCTEMATa, a FPEIIKUTE B yCTAHOBEH
peXuM ca B 1uanazoHa Ha 5%.

T HZ
- Hest

.H#““
I

25 X0 A
\

X: 86.48
Y:2

X: 100
Y:1.92

X:191.8
Y:1.054

X:195.8
Y: 1.005

0.5
% 20 40 60 80 100 120 140 160 180 200
t[s]
®@ur.6.

Ha ¢ur.6 e mpeacraBen pe3ynTaThT OT MPOBENEHUS eKCTIEpUMEHT. Brkna ce, ue rper-
KHUTE B YCTAHOBEHO ChCTOSIHUE C€ ABJKAT Ha IPEIIKM HA OLICHUTENSI HA HAIOP.

3AK/TIOYEHHUE

B npencraBenata paboTa € mpeaiio’keHa peann3anus Ha UHIUPEKTHO YIIpaBIICHHE Ha
Harop, 0asupano Ha H-Q u P-Q xapakTtepucTuku Ha HMPKYJIALMOHHUA MIOMIIEHH arpe-
raTtd, 3aJBI)KBaHW OT ACHHXPOHHM JIBUTATENM C YECTOTHO ympaBjieHue. B cpena
Matlab/Simulink e pa3zpaboTeH oreHUTEN Ha HATIOP 3a MUPKYJIAIMOHHA IIEHTPOOESKHA
nomrma. [I[poBeieHO € cuMyNalMOHHO M3CJIEIBaHE Ha CUCTEMA 3a UHIUPEKTHO YIpaB-
neHue Ha Harop. [IpoBeeHUsAT eKCIepUMEHT MMOKa3Ba HAI'BJIHO PabOTOCIOCOOHOCTTA
Ha CHUCTeMaTa, a FPEUIKUTE B yCTAHOBEH PEXUM ca B nuamnazoHa Ha 5%. [loBumaBane
Ha TPEUIKUTE ce HaOJ0JaBa MPH BUCOKU CTOWHOCTH Ha nebuTa. UHAnpeKkTHuTE METO-
A 3a yrpaBieHue OerekaT BICOKA CTEIEeH Hapa3BUTHE, OBHUILABAHE HA U3YUCIIUTE-
HUTE CIIOCOOHOCTH Ha MPOTrpaMUPYEMUTE KOHTPOJIEPH.
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CBI'JIACYBAHE HA 3A/IBUKBAHUATA T1PU ITPOBUBHU MAILIMHUAU
C HIUPPOBO-ITPOI'PAMHO YIIPABJIEHUE

Mapun KujieBcKku

Pe3ztome: B cmamuama ce onuceéa ancopumvm 3a Cvelacysamne HA 6HeOPeHama CUc-
mema 3a eneKmpo3adeuiceéane Ha Kiac NPOOUSHU MAWUHU C YUDPOBO-NPOSPAMHO
ynpaenenue. Ha 6azama na cneyuanuzupau cogpmyep e paspabomern 2eomempuyen
Moo0en Ha 0bpabomeanus. 0ematill, 2eHepupana e mpaeKmopusma Ha U3N0A36aHUs UH-
cmpymeHm, opmMupan e HeoodXo0UMUs KOO 3a MAWUHAMA U NOJYYeHama npozpama €
8b8eOeHa 6 MawuHama 3a usnvineHue. [lpeocmasen e KOHKpemeH npumep, UlOCH-
pupaw npakmuieckomo HpulodiceHue Ha npeonodxceHus arcopumvm. llposedenume
U3Ce08aHUsL U NOJIYYEeHUme pe3yimamu Moxce 0a ce U3NOJI36am npu MOOepHU3ayU-
AMA HA Pa3enedHcoanus Kiac Memanooopabomeauju Mauutu.

Kniouoeu dymu: npoousnu mawiunu, 2eomempuier Mooes, Cvb2l1acy8ane Ha 3a08UlC-
6aHus

COORDINATION OF THE DRIVES IN DRILLING MACHINES
WITH DIGITAL PROGRAM CONTROL

Marin Zhilevski

Abstract: An algorithm for coordination of the implemented electric drive system in a
class of drilling machines with digital program control has been described in this pa-
per. Based on specialized software a geometrical model of the processed workpiece
has been developed, trajectory of the used tool has been generated, the necessary
code for the machine has been formed and the developed program has been input into
the machine for execution. Actual example has been presented illustrating the practi-
cal implementation of the offered algorithm. Studies carried out and the results ob-
tained can be used in modernization of the considered class of machine tools.
Keywords: drilling machines, geometrical model, coordination of drives

1. BBbBE/IEHHUE

[IpoOGuBHUTE MaIIMHU CE€ M3IMOJ3BAT 3a MEXaHWYHAa 00pabOTKa HA Pa3jIUYHU BHUJIOBE
OTBOPH: TIYXH M CBETIM, [MWIMHIAPUYHU U TPO(IHM, TIaTKU, CTHIATHU, Pe300BU
IpU JIeTailsid ¢ npousBoiHa reomerpus [1]. Te ca u3rpageHu oT Tpu WM MOBEYE MO-
JABaTEJIHU, IJIaBHO U CIIOMAaraTeJIH! 3a/IBUAKBAHMUS.

3a 3aIBMKBAaHE HA KOOPJIMHATHUTE OCU U IIMUHJENA C€ U3I0I3BaT MOCTOSHHOTOKOBU
U TPOMEHJIMBOTOKOBH ejeKTpo3aaBmwkBanus [2, 3, 4, 5]. Cucremara 3a nudpoBo-
nporpamuo ymnpasiienue (CHITY) e mupoko u3non3BaHa 3a ynpaBjieHUE HA AOMbIHU-
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TEJTHUTE CTIIOMAaraTeTHH MOJCUCTEMHU. ToBa cTaBa ¢ MOMOIINTAa HA pa3pabOTEHU Jiazep
IUarpaMu, KOUTO CE€ BBBEXKAA B IPOrPAMHUPYEMUS JIOTHUYECKH KOHTposep. Pa3zpabor-
KaTa Ha JIaJiep JUarpaMuTe B CE OCHINECTBSIBA MO OMPEICIICH aIrOPUTHM, TPEICTABCH
B [6].

[Tpu MonmepHU3anMsATa Ha KJac MPOOMBHU MAallTUHU CE BHBEXKA YCTPONCTBO 32 BIIIOBO
MO3UIIMOHMpaHe Ha JeTaiina. LlenTta e ga ce yBenmuaT NpOU3BOAUTEITHOCTTa U (PYHK-
[IMOHAJTHUTE Bb3MOKHOCTH Ha MAIIMHUTE, J1a C€ OCUTYPH BB3MOXKHOCT 32 00padoTKa
Ha JICTAJI ChC 3HAYMUTEIHO TO-CJIOKHA TeoMeTpuyHa (popma u na Obae ocHrypeH
3HAYUTEITHO 110- €BTHH BapUAHT OT BBPTSAIINTE CE MACH.
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®dur.l. biokosa cxema Ha MHOTOKOOpJHMHATHATa CUCTEMA 3a CIICKTPO3a/IBUKBAHC.

brokoBara cxema Ha cHUCTeMAaTa 3a €JEeKTPO3aJBUKBAHE 32 Pa3riekKAaHMs Kiac Mpo-
OMBHU MalllMHU € MpejcTaBeHa Ha ¢ur.l, kpaeTo u3nona3BaHuTe o3HayeHus ca: LITY
— ycTpolcTBO 3a 1udpoBo-niporpaMHo ymnpanienue; E31 — enekTpo3aaBukBaHe Ha
KoopAuHaTHaTa oc x; E32 — enekTpo3aaBukBaHe HAa KoopauHaTHaTa oc y; E33 — en-
EKTPO3aJIBUKBaHE Ha KoopauHaTHaTa oc Z; E34 — enexktpo3aaBuikBaHe Ha IIMUHENA;
E35 — enexrpo3aaBuxBaHe CBbp3aHO ¢ M30opa Ha muHcTpyMeHTH; E36 — enekrpo3a-
BWKBAaHE HA YCTPOMCTBOTO 3a BIJIOBO MO3UIIMOHUpPAHE Ha neraitna; E37 — enekrpo-
3aIBUKBAHE Ha MOJICUCTEMAaTa Ha J103aTOpHO MasaHe; E38 — enekTpo3aaBukBaHe Ha
oxJiaxkaamara cucrema; [IM1 + [IM6 — npenaBareiHu MEXaHU3MHM HAa ChHOTBETHHUTE
enekTpo3aaBuxBanusd; 3M1 + 3M6 — 3a1BUKBaHU MEXaHU3MH.
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[Ipu mpakTUYEeCKOTO M3IMOI3BaHE HA MPOOMBHUTE MAIIMHU OT CHIIECTBEHO 3HAUYCHHE
e na ObJe M3BBPILICHO MPEIU3HO ChIVIACYBAHE HA M3UMCICHATAa U BHEApPEHA CHUCTEMa
3a eJEeKTPO3aBUKBAHE.

OCHOBHUTE M3WCKBAaHMS, KOUTO TPsOBa /a ObAAT OTYETEHU MPHU pa3pabOTBAHETO HA
ITOPUTHMA 3a ChIIIaCyBaHE HA 3a/IBIDKBAHUATA Ca CICTHUTE: MPOBEPKa HA M3MOI3Ba-
HaTa MHOTOKOOpPJIMHATHA CHCTEMa 3a €JIEKTPO3aABIKBAHE 32 Bh3MOKHOCTTA 32 MeXa-
HUYHA 00paboTKa Ha 3aJaJeHUs JIETAl, OCUTYpsiBAaHE HA MAaKCUMAJIHO OBP30JeHCT-
BUE C M3IOJI3BAHE HAa MOJIXOJSIIN JBIKECHUS U aTOPUTMH, OTYMTAHE HA paOOTHUTE
X0JIOBE Ha MaIlIMHATa; N300p HA HHCTPYMEHT M CKOPOCT Ha ps3aHe.

2. BI35OP HA CUCTEMA 3A EJIEKTPO3A/IBU’KBAHE

bnokoBara cxemMa Ha anropuTbMa 3a M300p Ha MOJABATEIHO W TJABHO E€JIEKTPO3ai-
BIJKBAHMS 32 MPOOVBHY MAIlIMHHU € MpecTaBeHa Ha ¢ur. 2. M3non3BaHuTe 03HaAYECHUS
cacnenuute: Dyq — HOMHHANCH IHAMEThP Ha MCXaHHYHATA [IPS/IaBKa, PEaIM3UPaHa CbC
CauMEHO BUHTOBA JBOMKA; D.g max — MAaKCUMaJEH IUaMeThp Ha HHCTPYMEHTA, KOUTO
MoO3Ke Ja ObJie U3M0I3BaH OT MamuHaTa, H g — TBBpaocT Ha 00pabOTBaHUS MaTepUal
o bpunen; Vg max —MakcuMallHa CKOPOCT Ha IBHYKEHHE Ha 33/IBHYKBAHUSI MEXaHU3bM;

VCd —CKOpPOCTHaA pA3aHC, a)d — CKOPOCT Ha IOITKMHACIIA, V fd —CKOPOCTHaIIOAaBaHECIIpHU

npobusane; frq — nomasane3sapanuan; f,d —mnomaBane 3a350 Ha HHCTpYMEHTa; Z —
OpoiiHa3p0uTe HAMHCTpYMeHTa; Kif,q —crenuduyna criia Ha ps3aHe IPH IT0JaBaHe 32

350 Ha MHCTPYMEHTA; 774 — KOe(UIMEHT Ha MpoOuBHaTa MaHa; Peg max —Makcu-

MaJTHa MOIITHOCT, pa3MpeeieHa MEX Ty I0IaBaTeTHOTO €JICKTPO3a/IBH)KBAHE U €JICKTPO-
3aJIBUKBAHETO Ha IIMHUHJIENA, He00X0IMMa 3a U3BBPIIIBAHE HAa MPOOMBHATA 00paboTKa
0e3 0TYMTaHEe Ha U3BHOCBAHETO HA UHCTPYMEHTA; Pegyy —MOIIIHOCT, pa3npeiesieHa Mex-

Ay IOJaBaTCIIHOTO CIICKTPO3aBUKBAHC U CJIICKTPO3aIBHKBAHCTO HA IIITMHACIIA, C OTYH-
TaHC HAa U3BHOCBAHCTO HA MHCTPYMCHTA, Pfd — HCO6XO}II/IMa MOIITHOCT 3a 1O 4aBaTCIIHOTO

CICKTPO3aABUKBAHC, PSpd — HCO6XOJII/IMa MOITHOCT 3a TJIaBHOTO CJICKTPO3ana-

BHMJ)KXBAHC, hd i — HOMUHAJIHU CTBIIKHU IIPU 3aJaICH HOMWHAJICH JTUAMCTHP HA CAYMCHO
BHHTOBATa HBOﬁKa; C()fdi — CKOpPOCT HATHPCCHUA ABUTATCII ITPU PA3TIMNIHUTC HOMUHAJTHA

CTBIIKHM Ha CAUYMCHO BHHTOBAaTa )IBOﬁKa; M fdi — MOMCHT HAa TbPCCHUAT ABUTATCII IIPHU

pa3InYHATE HOMUHAIHU CTHIIKK Ha CAYMEHO BUHTOBATA JIBOMKa; 1 =1+N, KkpaeTO N ¢
OposIT HAa BapUaHTHTE.

B npemioskeHaTa MeTOIMKa € M3MOJI3BaHa CAYMEHO BUHTOBA JIBOMKA KATO MEXaHUYHA
npelaBka ChC 3a7aJIcH JUAaMEThp Ha BHUHTA. [IpOEKTHpaHETO W HM3YMCIISIBAHETO Ha
CB/] e orucano B ISO/DIN crangapture [7, 8].

Karo Bxoguu nannu ce 3agaBaT: Dgg max ; MEXaHMUYHATa MpeJaBKa, pean3upaHa cbe
CauMEHO BMHTOBA JIBOMKA;, HAW-TEKKHS PEKUM Ha NpoOMBHa 00paboTKa; mapamer-
pure Dgq, Hp, 7q 4 V4 max -
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| Bxonau nanamn |

Ormnpenensae TUIa Ha /T a6 [—
npoOWBHA Omepanus

| V1300p Ha MHCTPYMECHT |

»/ TaOINYHU JaHHU A |

|
| |
— |
4
[ | |
| Onpenensue Ha Vg } {—s Tabmumn nanny VA | £ |
=
v | =
| Onpenensine Ha frg i > Ta6muunu nanum < | § |
-]
v | |
| Onpegensine na f,d I 4 Tabnuany JaHHH 2 | |
. | |
| Onpenensne na Kerg | 7 Ta6mrann namnm,Z |
| W3zuncnsBane Ha @y I > V-uue (1) “ |
| N3uncnsBane Ha Vg4 I v V-nue (2) L |
|I/I3‘II/ICJ15IB3HC Ha Py maxl > V-nue (3) “ |
|I/I3‘{I/ICJ'I§IBaHe Ha Py I > VY-uue (4) VA |
v
|I/I3qncnﬂBaHe Ha Pgpg I > V-nue (5) “ |
|I/I3‘{I/ICJ'I§IBaHe Ha Py I > VY-nue (6) L |
I 7 .t
|Onpe/:[en;me Ha hy; N > Tabmmann manan | 3 :|
-
] - = :
|I/I3‘1HCHHB3.H6 HA O, I »/ C-ma y-nus (7) / |
v
|I/I3LII/ICJI$IBaHe Ha Mgy, I > V-uue (6) L |

v

®ur.2. briiokoBa cxema Ha aNrOpuUTHMa 32 U300P Ha EIEKTPO3aIBIKBAHUSI.

CkopocTTa Ha IIIMHH/EINA Ce U3YHUCIISBA ChC CIICAHOTO ypaBHeHUE [9]:

Vg %2
= (1)

a)d =
Dcd max
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CkopocTTa Ha [MojIaBaHe MPH MPOOUBAHE Ce M3YMCIIsIBA 0 ypaBHeHHETO [9]:

Vig = frg x oy . 2)

MakcumaiiHaTa MOIITHOCT TIPH MPOOMBHA orepanysa 0e3 OTYNTaHe Ha U3HOCBAHETO Ha
WHCTPYMEHTA ce olpeaess oT u3pasa [9]:

= . DCd X fl‘d XVCd X KCde ><7Z'><106
cd max = 217 : (3)

MakcumaliHaTa MOIIHOCT IIPU MIPOOMBHA Olepalus ¢ OTYUTAHETO HAa U3HOCBAHETO Ha
MHCTPYMEHTA Ce OIpeesis OT ciieanus uspas [9]:

PCdW = (1.1+l.3) X PCd max - (4)

HeobxoammaTa MOIIIHOCT 3a MOJaBaTETHOTO €JEKTPO3aBMKBAHE HA JIMHEWHATA KO-
OpAWHATHA OC C€ U3YKCIIsABA 0 ypaBHeHHETO [10]:

Pig = (1+5)% x Pegyy - (5)

H€O6XOI[I/IMaTa MOHIHOCT 34 I''TaBHOTO CJICKTPO3aJABHXKBAHC CC HM3YMCJIsIBA OT HM3pasa

[10]:
Pspd = (95 = 99)% X PCdW' (6)

Cnc ciaeaBamara CUCTEMa YPaBHCHUSA CC OIIPCACIII CKOPOCTTAa HA ThbPCCHUA IBUTATCIL
IIpH pa3JIMUHUTC HOMUHAJIIHU CTBIIKH Hd CAYMCHO BUHTOBATA }]BOI\/JIKa [1 1]

o4 _Vdmax X2 x 7
. ha1
- (7)
. :Vdmax X 2 X I
n h
dn

MOMEHTBT Ha JBUTATEIIS TIPH PA3TMIYHUTE CTOMHOCTH Ha CKOPOCTTA CE H3UHCIIABA ChC
cucremara ypaBHenus [11].

IDfd max
Mg =———
w fd,
(8)
Pfd max
Mg =
w fd,
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3. OCOBEHOCTU HA AJITOPUTBMA 3A CBI'JTACYBAHE
HA EJIEKTPO3AJIBUKBAHUSITA

brokoBa cxema Ha pa3paboTeHUsT aNrOpUTHM € mpeacTaBeHa Ha ¢ur.3. Kato Bxoaau
JTAaHHU CE€ BbBEXKAAT: BUJ MEXaHUYHA 00pabOTKa U TUIl HA MaTepualia; JaHHU CBbpP3a-
HU C JIeTaiisia — rabapuTHU pa3Mepu U TUAMETHP Ha OTBOPUTE; apaMeTPU Ha UHCTPY-
MEHTHTE, KOUTO Il U3BBPIIBAa MeXxaHWYHaTa 00paboTka. Cien BbBEKIaHE HA BXO/I-
HUTE JIaHHH CE€ U3BBPIIIBA IPOBEPKA HA MMapaMETPUTE Ha MalllMHATA MO ClieIHaTa MOoC-
JIEJIOBATETHOCT: OTYUTAT C€ PAOOTHUTE XOJ0BE CIPSAMO TabapuTHHUTE pa3MepH Ha 00-
paboTBaHUs JETalI; CpaBHABAT CE€ MMapaMEeTPUTE Ha BHEJAPEHATa CUCTEMA 3a €JIeKTPO-
3a/IBUKBAHE C M3YMCIIEHATa, ITOJTyUyeHa Ha 6a3aTa Ha ajaropurbMma ot ¢ur.2.

Bxonnu nanaun |—7/ IIposepka /L‘

PaspaboTBane Ha reoMeTpUUYEH
p MeTp —/Creun. cothyep;
MOJIEII Ha JIeTaiiaa
Konguryparus na
uryp Croern. coptyep
napamMeTpuTe Ha MallHaTa
AHanus Ha neTaniia u
omnpeesnsHe Ha
Opost KHCTPYMEHTH

:
| Wsuucnsasane Ha Vg |—7/ V- uue (2) /L‘

| N3uncnsiBane Ha @y |—7/ V- nue (3) /ﬁ
I'enepupane Ha TpaeKTOpUATA HA
WHCTPYMEHTA U CUMYJIALHS Crien. cogryep
I'enepupan kox 3a MaruHa -
“mporpamua yact” new. cofryep
BbBexnane Ha nporpamara B -
poOWBHATA MalInHA Cn. cogryep (2)
Bbasupane u nesTposane
Ha JieTaiia
[To3unmonunpane Ha Durypa (4)
WHCTPYMEHTa 3a 00paboTka

y

| Mexann4Ha 00pabdoTKa

|

| O06paboTeH aeraiin

'

®dur.3. biokoBa cxema Ha AJIrOPpUTbMaA 34 ChITIACYBAHC HA 3a/IBUJKBAHUATA.
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W3non3BaHuTe B arOpUThMa ClIEHUAIN3UPaHU COPTYEpHU MPOAYKTU CE€ OTHACHT JO:
pa3paboTBaHe HAa FT€OMETPUYEH MOJEN Ha JieTailia; FTeHEpUpaHe TPACKTOPUATA HA UH-
CTpyMEHTa U ,,IpOTpaMHaTa yacT* Ha MAIIMHATa; BbBEXKJaHe B MeTanoo0paboTBaria-
Ta MallvHa.

Cnen u3uMciisiBaHe HA HEOOXOAMMUTE MapaMEeTpH, CleABallaTa CThIKa OT aJrOPUTh-
Ma e 0a3upaHeTo, IEHTPOBAHETO Ha JieTaijga W choOpassiBaHE C KOOPAMHATUTE Ha
MalIuHaTa.

Y Y y
AlX.Y,) Al Y Al ¥

0(0,0) X 0(0,0) B 0(0,0) I
a) 0) B)
®ur.4. JIBvKkeHre Py pa3IndHU AJITOPUTMH 3a MO3UIIMOHHO yIIpaBJICHHUE.

[To3unmoHnpaHeTo Ha JeTaiia U MHCTPYMEHTA CE€ OCHIIECTBSBA MOCPEIACTBOM IOIXO-
JSIIA QJITOPUTMH 32 JIBYKOOPJMHATHO MO3HMIIMOHHO yrpaBiieHue [5], mpencraBeHu Ha
¢ur.4, c koeto ce obe3nevyaBaT U3UCKBAHUTE MOKA3ATEIH TOYHOCT, OBP30ICUCTBHUE U
MIPOU3BOJAUTEITHOCT.

[Tocnennara cThiika OT pa3pabOTEHUSAT aNTOPUTHM € U3BHPIIBAHETO HA MEXaHUYHATA
00paboTKa U MmojaydyaBaHe Ha 00pabOTEeHUS AeTail.

4. MIPAKTUYECKO ITPUJOKEHUE HA AJITOPUTBMA

[TpakTHYeCKOTO MPHUIOKEHHWE HA aIrOpUTHhMa OT (UT.3, € WIIOCTPUPAHO MOCPEICT-
BOM pa3paboTBaHe Ha JIETAIII C IPAKTHYECKO MPUIIOKCHHE.

BbBeneHnTe BXOJHM JaHHM ca CICIHUTE: BUJ 00pabOTBaH Marepuall — alyMHHHUEBA
CIUIaB; JaHHU CBBP3aHMU C jeTaiina: rabaputau pazmepu — 0.185 m x 0.520 m x 0.003
m; nuameTpu Ha oTBOopHTE - D 0.032 M, 0 0.042 m, ¥ 0.084 m, @ 0.016 m, @ 0.030
m, @ 0.06 m; Bux mexanndHa o0paboTka —TpoOUBaHE; TMaMETPU Ha MHCTPYMEHTHUTE
ydacTBaiy B pazpabdorBanero Ha mynra (D) — @ 0.003.2 m, @ 0.004.2 m, © 0.008

m, © 0.008.4 m, @ 0.0016 m.

Crnen u3BbpleHa NpecMsITaHus Ha 6a3aTa Ha METOAMKATa OT PUr.2, ca U30paHu eeK-
TPO3aJBIKBAHUS CBhC CICJHUTE HOMHHAJIHM TlapaMeTpd Ha JBUTATEIIUTE:
Mt =35Nm, ws =209.34rad/s — 3a momaBaTeNHHUTE EJIEKTPO3aBUKBAHUS,

Phom =06 kW, ws =209.34 rad/s — 3a rimaBHOTO eNeKTpO3aBUKBAHE.

CrenBariara CThIIKA OT MPEJACTABEHUS aJITOPUTHM € pa3paboTBaHETO HA TEOMETPUICH
MOJIEJT Ha JleTaija, IpeIcTaBeH Ha GUr. Sa upe3 U3Moa3BaHe Ha CIeIuaIn3upan cod-
tyep — B ciryuas AUTOCAD 2009.

['enepupaHeTo Ha KOpPEKTHA ,,lIPOrpaMHA YacT™ 3a MalllMHATa M3UCKBA W3YHCIISIBAHE
Ha CKOPOCTHUTE Ha MIMMH/ENA U MTOJaBaHETO NP pa3IudHUTe AuameTpu. [Ipu npodu-
BaHeto ¢ quametrbp ¥ 0.016 m ca uzuucienu:
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Vg %2
- CKOpPOCTTA Ha IIIMUHJENA: @y = —cd 2% 204 rad/s;

cd max

- cKopocTTa Ha opaBane: Vg = frq xog =4.44 m/s.
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@ur.5. ['eoMeTpuUeH MOJIET Ha A€Taija U TPAEKTOPHUS HA UHCTPYMEHTA.
Pazpaborenuss B AUTOCAD mogen ce BbBexaa B crienmainusupan copryep- ASPIRE
VECTRIC, 3a na 6b1€ TeHepupaHe TpaeKkTopusiTa Ha MHCTpyMeHTa. [IpemuHaBa mnpe3
CJICIHATE €Talu: 3aJaBaT c€ BUJa HAa 0OpabOTBaHUS Marepuan U rabapuUTHUTE MYy
pa3Mepu; BUa Ha OTepanusTa U apaMeTpPUTe Ha HMHCTPYMEHTA; W30upa ce KeTaHus
KOHTYp, KOWTO 11e ce 00paboTBa; 3a/aBa ce KOMaH/a 3a TeHEpUpaHE HA TPACKTOPUS
Ha WHCTPYMEHTA; TCHEpUPAHE Ha TPACKTOPHUS Ha MHCTPYMEHTA, MTOKa3aHa Ha ¢ur. 50
C UepBeHA JIMHUSI.

Crnen u3BbpuIBane Ha HeoOXoaumute cThiku, nporpamara ASPIRE VECTRIC rene-
pupa HeoOxonuMHs Koj 3a oOpaboTKa Ha MallMHEH €3UK, HapeyeH ,,lIporpamHa
qacT®, KOMTO OMHUCBA TPACKTOPHUATA HA MHCTPYMEHTA U UMa CJICTHUS BUIL:

NOG90

N10TO04

N20M3 S1949

N30GO0 X-4.000 Y0.000 Z9.000

N40G1 Z-1.000 F10.0
N50G0 Z1.000
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Ha ¢ur.6 e npexncrasen crenuanusupan coryep, ype3 KOMTO reHepupaHaTa Mmpor-
paMHa 4acT ce BbBEXK/Ia B TaMeTTa Ha MallnHaTa.

“§ DNC Server [C:\] &3
File Settings Help [ _]
NC PROGRAMS B Mot Connected
Name - - Modified - i Machine: Filename: &
i SFlh?l:ycIe.Eln 26.7.2015 3 Driling machine
o Xilinx 28.12.2015
| _xmsgs 16.11.2015|=| | [NO[Drill)
. Documents and Settings 14.7.2009 3 N10G2820
. iseconfig 16.11.2015 N20G28X0v0
Mach3 226.20185 N30G00X-300.%-200.
Missler 30.10.2015 NA0TO4
| MSOCache 26.7.2015 3 LA G3RY R
| PerfLogs 14.7.2009 3 N60GO X-4.000 Y0.000 Z9.000
| Pragram Files 6.1.2019 5. L&) ZH{II [T
o N80GO Z1.000
. ProgramData 30.8.2018 3 NIONBOGO X-25.000 Y0.000
FREney AR GAISE N100G1 Z-1.000 F10.0
searchplugins . l3.4.2|]1ﬁf N110G0 Z1.000
. System Volume Information 29.1.20193 ~ N120G0 X—5l]|,l]l]l] Y0.000
4 L 2
[ + Up One Level I Refresh ] lﬁ Receive ] [ Save ] [ Send ]
[ P Load l I EYFrint File ] [ = setup Sheet ] I [ Clear ] [Print Window ] [ X Close ]

®ur.6. BeBexaane Ha ,,[iporpaMHaTa 4acT' upe3 crenuanusupan copTyep.

Crnen BpBEXKIaHE Ha MporpamMaTa B MalllMHATA, CE U3BBPIIBAT IMOCIICIOBATEIHO €Ta-
nute Ha Oa3upaHe, IEHTPOBAHE Ha JIeTailsia M TocjeaBajaTa MeXxaHudHa o00paboTka
710 TTOJTy4aBaHe Ha 3aJ1aJICHUS KOHTYP.

@®ur.7. O6pabdoreH ,,Ilynr 3a ynpapiaeHue 3a MalmHa OT pa3riiekIaHus Kiiac.

O6paboTeHUAT JeTailn e ,,[TyAT 3a yIpaBlieHUE , BHEIPEH B MalllMHA OT pa3riiex/a-
HUS KJIac, KaTo TOM € Mmoka3aH Ha (ur./ ¢ MOHTUPAHU BbPXY HEro HeoOXoauMuUTe 0y-
TOHU, TAJICTHU MPEBKJIFOYBATEIIA U UMITYJICEH T'€HEepaTop.

5. 3JAKVIIOYEHHUE

dopMmyIupaHu ca U3UCKBAHUATA, KOUTO TPsiOBa Aa ObAAT OTYETEHHU MPH ChITIACyBaHE
Ha €JIEKTPO3aABMKBaHUATA HA MpoOMBHM Mamnuu ¢ L{ITY.

[Tokazana e MeToauKa 3a M300p HA MOJABATEIHH U TJIABHU €JICKTPO3aBUKBAHUS 32
pasriexaaHus KJlac MalluHU.

[IpensioxkeH € anropuThM 3a KOOPJIMHUPAHE Ha CbOTBETHUTE 3aJIBUXKBAHMS, TIPU KOM-
TO C€ OTYUTAT ClieUU(PUUHUTE OCOOCHOCTH HA TEXHOJOTUYHUS MPOIIeC, BUJa Ha oOpa-
00TBaHMs MaTepual, MapaMeTpuTe Ha M3MOI3BAHUS MHCTPYMEHT, MEXaHUYHATa IIpe-
naBka u Apyru gakropu. Ha 6a3ata Ha cnenmanusupan coptyep ce pa3paboTBa reo-
MEeTpUYeH MojeN Ha oOpaOOTBaHMs [JETailll, reHepupa ce TPaeKTOpuUsTa Ha HHCT-
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pyMeHTa, ¢popMupa ce HeoOXOAUMHS KOJ 3a MallMHATa U MOJIydeHaTa mporpama ce
BBBEXK/IA B MallIMHATA 32 U3ITbJIHEHHE.

[IpencraBen e mpuMep KaTo MPAKTUYECKO MPHIIOKEHNE HAa Pa3pabOTeHUs alrOpUTHM
¢ 00pabOTKa Ha KOHKPETEH JeTail.
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IINJ-BA3BUPAH NPEJUKTOP HA CMUT B AJAIITUBHA CUCTEMA
C TAPAMETPUYHO-3ABUCUMMU MOJIEJIN - PEAJIM3ALIUA C ILJIK
3A YIIPABJIEHUE HA JIABOPATOPEH TOIIVIMHEH OBEKT

Cranuciaas EneB

Peztome: Pabomama npedcmass cunmesa u peanuzayusima c usnonzsare Ha IJIK na
npeouxkmop na Cmum c ITH]] ocnosen pecynamop 6 cucmema ¢ mevbpoa adanmayus
3a ynpaeénenue Ha aabopamopen monaunen obexm. llpunodxcen e anarumurxo-excne-
pumeHmaner nooxo0 KbM MOOeIUupaHemo Ha obexma, Kamo 8 pezyimam e Oepunu-
PAaH JUHeeH Mooell C NPOMEHIUBU napamempu, 00pamHonponoOpYUOHAIHY HA Pa3xo0d
Ha ¢ayuo 6 uncmanayuama. Bnocieocmsue, pazxoovm e 8vb3npuem Kamo (QyHKyuo-
HanHa npomenauga 6 cucmemama. Ilpeonoscena e unmepecna peanuszayus Ha aoan-
MUBHUSL KOMNEHCamop, NOCPe0CmEoM NPOMEHIUE MAKM HA U3NBbIHEHUEe HA Peanusu-
pawus ancopumvm. [lpeocmasenu ca pezynmamu om npogeoeHu eKcnepumMeHmu.

Kniwouosu oymu: aoanmuenu cucmemu ¢ napamempuyHo-3a8UcCUMu MOOeuU, npeoux-
mop Ha Cmum, TUHEUHU cUcCmemMu ¢ NpoMeHIusy napamempu, ynpaeienue c I1IJIK

PID-BASED SMITH-PREDICTOR CONTROLLER WITH
GAIN-SCHEDULING - PLC IMPLEMENTATION FOR
A LABORATORY HEAT-EXCHANGE PROCESS EXPERIMENT

Stanislav Enev

Abstract: This paper presents the design and PLC-based implementation of a gain-
scheduled PID-based Smith-predictor for the control of a laboratory heat-exchange
process. Based on theoretical considerations and experimental findings, a linear pa-
rameter-varying model is constructed with parameters, defined to be inversely pro-
portional to the flow rate in the system, which is then naturally chosen as scheduling
variable. An interesting implementation of the adaptive time-delay compensator by
varying the cycle-time of the algorithm execution is proposed. Experimental results
with the implemented control law are presented.

Keywords: gain-scheduling control, Smith-predictor, LPV-systems, PLC control

1. INTRODUCTION

Gain-scheduling control [1], [2] is probably the simplest and most intuitive form of
adaptive control and is most easily understood as an extension to non-adaptive classi-
cal controllers. It inherently provides faster adaptation and doesn’t require additional,
sometimes, opposing control objectives conditions on signal variations and/or artifi-
cial excitation, in order to ensure necessary condition for proper identification and/or

© 2019 Publishing House of Technical University of Sofia 91
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convergence of the adaptation algorithm. Moreover, gain-scheduling employs linear
control design techniques, thus handling time-delays, which are not easily incorpo-
rated in identification procedures and adaptive control schemes, while being typically
present in plant transfer function models used for control design. On the downside, it
can be claimed that, generally, more work on modeling, identification and design is
required before the actual controller commissioning. As with the other adaptive con-
trol systems, conditions on nominal and robust stability and performance exist [3], [4]
for distinct cases and given certain assumptions (such as “slow variations” of sched-
uling variables), etc., thus, requiring certain “conservativeness” in controller design
and thorough numerical simulations to infer stability and satisfying performance.

A common situation in continuous production process control is a process dynamics,
influenced by the production “load”, usually determined by the mass flow rate of ma-
terials to be processed. Thus the load can be taken as an exogenous parameter in a lin-
ear (at least and close to a given operating point) parameter-varying model of the pro-
cess. If the exogenous parameter is measurable, a gain-scheduling control scheme can
be designed and implemented with the potential for a significant improvement in con-
trol performance. Typically, another characteristic of the material flow (usually with
the nature of process output) acts like signal disturbance in the control loop.

In this paper, the augmentation of the well-known Smith-predictor [5], [6] with a
gain-scheduler based on a LPV process model for a laboratory heat-exchange process
with time-delay in the input-output path is considered. A linear parameter-varying
second-order plus time-delay process model is constructed with the fluid flow defined
as scheduling variable and PID controller is used as main controller in the system.
Similar control problem is presented in [7] and [8], where the design is carried out for
robust stability and performance. While holding the potential for significant gain in
control performance, at least when performance is specified and measured in the time-
domain, the Smith-predictor is notorious for its sensitivity to parameter variations and
has been subject to lots of research in this direction from robust control perspective
[9], [10]. The approach, presented in the following could prove to be very useful for
alleviating these sensitivity problems.

2. LABORATORY PROCESS EXPERIMENT DESCRIPTION

The laboratory heat-exchanger is depicted in Fig.1. The heated fluid, being water
passes through an electrical flow heater with given flow rate and then enters a long
coiled pipeline. The temperature of the water at the pipeline’s exit point - ¢ is the
controlled variable. The transportation process in the pipeline introduces the signifi-
cant time delay in the system’s input-output path. The control input is the duty cycle -
u in the PWM scheme used to modulate the power to the electric heater, i.e. the frac-
tion of the maximal heating power available, expressed in %. The main disturbance is
the temperature of the inflow stream - ¢, . Also, with the pipeline being not well insu-
lated, the outlet temperature is affected by the heat transfer to/from the environment
when there is a significant deviation from the ambient temperature. Of course, the ma-
jor factor determining the process’ dynamics is the flow rate of the heated fluid. A
control loop is implemented in order to stabilize it at a given value or vary it as re-

92



quired for control design validation purposes. Typical values of the water flow-rate
are in the range - 0.5-3.01/min.

Pipeline

P / Flow heater
@5 @ Lz é
& T

Fig. 1. Process and control system diagram
3. PROCESS MODELING

First-principle considerations
Temperature temporal and space variations in such tank-less heaters is described by
partial differential equations. A first-order lumped parameter approximation may be
written in the following form:

vodew .. 1
T(,[)TWLH(U “FOpc Q)+, , (1)

where Q(t) heater power, Vv - the volume of the heater’s housing, p - fluid’s mass den-
sity, c- fluid’s specific heat capacity.
It is seen, that at constant flow-rate, i.e. for f(t)= f* =const, the input-output relation-

ship can be approximated by a linear first-order lag with parameters as follows:

T =% - time constant, k, 1 gain with respect to the control input, k, =1 - gain

* *

oo
with respect to the inlet temperature. Thus, the following plant model structure can be
adopted - Fig. 2, representing a parameter-varying description with the flow rate, be-
Ing an exogenous process variable, taken as parameter. The inlet temperature is con-
sidered as the main signal disturbance.

Htp)l /__________________"_,f_'____
5 I / s
M ‘P*\ 7 u(p) ) . . / a(p)
.—........./.,.-'-....:—l N »( )— W.(p) e
»/ - .\/"
Fig. 2.

A set of open loop experiments were conducted on the process in order to gather data
for identification purposes. It was found (as expected) that, for constant flow rate, the
process has linear steady-state characteristics and rather similar transient curves
throughout the entire operating domain.

In Fig.3 is shown the process response to a series of two step changes of the control
input with the flow rate being maintained at 1.5 1/min. The response of a second-order
plus time-delay transfer function (2) was fitted to the measured process output and the
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following parameter values are found:

o(p) k .
W(p)= = P, 2
()= 0~ TpeDTpeD)" @)

with: k=0.29 'C/%, T,=80s, T,=20s and r=98s. No improvement on model quality
was observed as a result of bringing model order up.

; ; i . ) GIES i Actual response

26 bz R R R T L s A guos === Model response

22 1. % 3
00

18 f=2,51/min ; 9 900

‘ 6,=12,6+0,1'Cc T )
14 : i -

| : l l 138
0 400 800 1200 1600
Fig. 3.
Considering (1), the following LPV model of the process is adopted:
Wp(p,f)EH(p)_ k(f) e—r(f)p’ (3)

w(p)  (T(f)p+1(T,(f)p+1)

with: k(f)=0435f", T,(f)=120f*, T,(f)=30f" and z(f)=147f".
The transient for different value of the flow rate, shown in the same plot, confirm the
validity of the modeling assumptions.

4. CONTROLLER STRUCTURE AND PID DESIGN

The block-diagram of the proposed control system is depicted in Fig. 4. For design
and implementation purposes, the process model transfer function is decomposed in

the following form:
W, (p, ) =WZ(p, F )WL (p, f), (4)

with Wi (p, f) - the rational part of (4) and w2 (p, f) - the delay part. The PID-control-
ler’s transfer function is written in the ideal form:

WP.D(p,f)=kR(f)(1+ +TD(f)pj. (5)

T (f)p
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O(p)

Choosing parameter setting as follows:

T (F)=T.(f) +T(f)

T,(F)T,(f
ke (F)=k™(f)
controller’s zeros cancel the poles in wS(p) and the closed-loop system transfer func-
tion is obtained as:

_ o _ 1
Wer (P D)= G (o) T (Dp 1 ()

5. PLC IMPLEMENTATION AND EXPERIMENTAL RESULTS

The complete algorithm is implemented in the form of two separate algorithms, run-
ning with different cycle times: a fixed cycle time - 7 for the main (PID) controller

and a variable cycle time - 172¢ for the delay compensator in the Smith predictor.

First, a cycle time of 1sec. for the main controller’s algorithm is chosen, that is, we
have: T/ =1 . The overall control input to the process is updated with the same rate.
Given the way heating power is imparted to the process, lowering that value would
lead to resolution in control output of more than 1%, which is adopted as the lower
acceptable limit. Process output to the controller, that is, temperature and flow rate
measurements, is “sampled” each 0.1 sec. The PID-controller is realized based on the
following discrete-time equivalent:
TPz T(f)z-1

Wop (2, f)=kR(f)[1+Tl(f) it ) (8)
The rational part of the compensator is realized based on the discrete-time equivalent,
given by (9):

Wi (z, f)=k(f)Gi(z, T), (9)
where:
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(1_e—T§°/T1(f)) (1_e—TCSC/T2(f))Z
(z— e—TcsclTl(f)) (z— e—Tcscsz(f)) ) (10)
It is obtained by assuming Wi (p, f) to be composed by two first-order lags in series
with zero-order holds at their inputs.
The discrete-time model of the delay part is written in the z-domain as follows:

WP (z, f)=@-z"), N=|(f)/T|. (11)

Gi(z )=

It can be noted, that if 7° is chosen to be inversely proportional to the flow-rate (as
all model parameters have the same kind of dependence), (10) and (11) are no longer
parametrically dependent on the scheduling variable. This can simplify the imple-
mentation as there will be no need to recalculate model parameters each time for (10)
and more importantly, to change buffer size and redistribute values inside the buffer
for (11). Thus, the compensator scheduling (excluding the coefficient in (9)) will be
implemented by a subroutine, executed with varying rate. For the current implemen-

tation, 1:°(f) is defined as follows:

T (f)=15f71, (12)
which leads to 75 =T =1sec. for f=151/min. For (10) and (11), we have respec-
tively:

_ (1-e V) (1-e) _ 0.04882 00124 o ()= (7). (13)
(z—e ™) (z—e™) (2-0.9512) (z-0.9876)" °

G2 (2) GE'(2)

The overall controller is implemented according to the block-diagram in Fig. 5.

Gs(2)

k()

......................................................................

Fig. 5.
The recurrence relations, corresponding to (8) are given by:
Hp(n) =2(n)

-I-CPID B
M(n):M(n_l)‘*‘Tl(f)g(n)
2 (Fm)-F(0-D)

H(n) = ke (1) (4 () + 2, (n) + 15, (n))
with n “counting” the elapsed T/™ cycle times. Additional program variables were
used to hold the previous values of the integral action and the adjusted control error.

The implemented recurrence relations, corresponding to (13) are given by:

(14)

Up(n) =
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17e; (M) = 0987677, (M —1) +0.0124 1(m)
1, (M) = 0.951277,., (M —1) +0.04887,, (M -1) . (15)
17(M) =17, (M) — 77, (M —98)
A buffer, size equal to 98 is allocated in the PLC memory and values are shifted one
holder cell from input to output each 15 sec. The overall controller algorithm is im-
plemented in the form of three cyclically executed subroutines, detailed in Fig. 6.

T. =T flscc\ T -T,/—\ )_t ,nl\,_,-‘-_\

1) Calculate: 1) Shift values in buffer one cell 1) Measure temperature;

e 8 () — X towards the output;

sn)=0"(n)-0n) ., 2) Filter temperature measurements;
2) Calculate: 2) Cakulate 7(m) according to (15),

A -
F0m) = 600 — k(£ using the last calculated value of (). 3) Measure fiow-rate

n(*) - last calculated value of 7() 3) Update cycle time - T © 6 f) 4) Fier flow-rate measurements,

3) Calculate ;y(n) according to (14); 17 - last measured the flow-rate

4) Update control output.

Fig. 6.
Additional logic, not discussed in the present manuscript, assures anti-windup func-
tionalities of the PID-controller and manages different non-regular situations such as
out of bounds set-points and others, manual to auto-mode and reverse transitions, ini-

tializations, etc.

o man

\
T A P P [T

20 BN i \j ‘./ “‘J‘ £,odl ! min 10

0 1000 2000 1000 4000

Fig.7.
6. CONCLUSION

An implementation of a gain-scheduled Smith-predictor with PID main controller us-
ing a Programmable Logic Controller is presented in the paper. An interesting aspect
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of the implementation is the use of variable cycle time for compensator algorithm ex-
ecution to realize scheduling. It is seen from the experimentally obtained transient re-
sponses (Fig. 7), that the gain scheduling actually improves the control system’s per-
formance. Further experiments are planned to test the performance in time-varying
load conditions during set-point changes in order to fully validate positive results.
Performance certainly can be improved by refining process model and using alterna-
tive PID tuning.
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MOBUJIHA CEH30PHA CUCTEMA
3A MOHUTOPHUHI"' HA IITYM B I'PAJICKA CPEJA

b. I'anes, /I. Hukouos, b. I'eoprues

Peztome: Tosuwenume nuga Ha wyma (m.Hap. WyMo80 3aMbpcisane) 6 epadcKume
cpedu e uecmo cpewjan npoodiem, KOUmo CepuosHo 3acsaea 30pagemo U Kaiecmeomo
Ha scugom Ha xopama. Emo 3awo mHo2o usciedsanus ca noceemeHu Ha usmepeame
HUBamMa Ha wiyma 6 oKoIHama cpeoa. B nacmosawama cmamus ce Onucéa npoexkmu-
panemo u cv30a8anemo HA NPOMOMUN HA MOOUNHA De3dcuyHa cucmema 3a uzmep-
sane Ha me3u Husa. Cucmemama uznonzea niamgpopmama Raspberry Pi 3 u uxono-
MUuyecKu eghekmuenu eleKmponHu komnonenmu. Pecypcume na Raspberry Pi u neti-
Hama mawadbupyema apxumexmypa no360J516am UMEPEAHemo HA ULyMO8Ume HUBA
0a ce U3BbPUIBa eOHOBPEMEHHO C UBHUCTABAHEMO HA OCHOBHU NAPAMEmMpPU HA WYMA.
Uzcneosanemo na gynkyuonarHocmma Ha 6v3aume npu 0bjl20CPOYHU MECMose No-
Kazea, ue npeoidazaHusm nooxoo ocucypsea 00o6pa 0CHO8A 3a MOHUMOPUHE U Cb30d-
8aHe HA Kapmu 3a HUBAMA HA WYMA, HAPUYAHU ,, ULYMOBU Kapmu *.

Konmponnu Oymu: wiym 6 okonnama cpeoa, usmepéaHe HA 38VKOBOMO HANA-
2aHe, NOCMOSIHHOMO eK8UBAICHMHO HUBO HA 38YK080 Hansieane, Raspberry Pi

MOBILE SENSOR NODE FOR
NOISE MONITORING IN URBAN AREAS

B. Ganev, D. Nikolov, B. Georgiev

Abstract: Noise pollution in urban environments is a common problem that affects
people’s health and quality of life. Therefore, it is one of the main topic discussed in
many studies of environmental noise level measurement. This paper describes the de-
sign and rapid prototyping of a mobile wireless environmental noise monitoring sys-
tem based on a Raspberry Pi 3 platform and cost-effective electronic components.
Raspberry Pi resources and its scalable architecture allow acoustic level measure-
ment to be carried out simultaneously with the computation of the environmental
noise levels. Evaluation of nodes functionality in long-term measurements shows that
the proposed approach provides a good foundation for noise monitoring and map-
ping.

Key words: environmental noise, sound pressure measurement, equivalent continuous
sound pressure level, Raspberry Pi.
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1. YBOJ

Jloxnan [1] na EBporieiicka areHIus 3a OKOJIHATA cpeja MOoKas3Ba, 4¢ BHCOK IPOICHT
OT HACEJIEHUETO Ha HSAKOJKO TOJIEMH €BPONEHCKH CTOJIMLH € M3JI0KEHO Ha BHCOKH
HUBA Ha UIIyM, IPUYUHEH OT MbTHOTO JIBW>KEHUE. 3a chxkanienue, Codus e Ha BoJeno
MSICTO B KJlacalusiTa 3a HUBaTa Ha HOIIEH IIYM MPUYUHEH OT IbTHOTO JBHM)KEHHE, Ka-

to Hag 70 % ot HacenenueTo Ha Codus € U3M0KEHO Ha UIYM OT MBTHOTO JBUKECHUE
MIpe3 HOIITa ¢ HUBa Mo-BUCOKU OoT 50 dB.

[TpenopbkuTe Ha EBpornelickaTa komucus [2] 3a u3mMepBaHe Ha HUBATa HA IIIYM HU3HC-
KBaT BCE MO-BHCOKAa BpEMEBa M MPOCTPAHCTBEHA pa3jielMTeIHa CIOCOOHOCT, KOETO
BOAM 10 BUCOKU pa3xoiu. TpaJauIIMOHHUTE MOAXOJW 3a M3MEPBAaHE Ha IIyM Mpe3
HOIITa U3UCKBAaT MHOI'O BPEMEBU U HKOHOMUYECKH PECYPCH, KaTO U3MOJI3BAT Clelra-
JTU3UpaHo o0OpyJBaHE HAa BUCOKa IleHa. M3MepBaHusTa 32 HUBATa HA IIIyM CE€ M3IMOJ3-
BAaT 3a Ch3J[aBaHE HAa KapTH Ha IIyMa, KaTo pe3yjiTaTUTe OT BCSKA ,,TOUKA* HA U3Mep-
BaHE ce 00paboTBaT C MPOrPaMHU MHCTPYMEHTH, KOUTO M3IOJI3BAT MOJEIIH 3a pa3ll-
POCTPaHEHUETO HAa LIyMa W C€ FeHepupaT KapTH Ha IIYMOBOTO 3ambpcsaBaHe. Ta3u
CUTYallMsl U3UCKBA MKOHOMHUYECKH €(EKTHMBEH IMOAXOJ 3a MU3MEpPBAaHE HA HHUBAaTa Ha
IIYMOBOTO 3aMbpCsABaHE, KOMTO Ja MPeoJoJiee HEIOCTAaThIUTE HAa TPAAUIMOHHHUTE
METO/M.

B cratusTa e pasrienana pa3paboTkara Ha MOOHMIIHA CEH30pHA CHCTEMa, IpeIHa3Ha-
YeHA 32 MOHUTOPHHT Ha OCHOBHH IITyMOBHU TTapaMEeTpPH.

2. OCHOBHU NTAPAMETPU 3A U3SMEPBAHE

3BYKBT KaTO MEXaHWYHA BBJIHA MPUTEXKaBa CBOMCTBA, MPUCHIIN HA BCUYKU BBIIHU:
YecToTa, MEepPUoM, aMIIUTyAa, UHTEH3UTET, CKOPOCT, MOCOKAa Ha pPa3lNpoCTpaHEHUE.
EnuH oT OCHOBHHMTE mapaMeTpu Ha 3ByKa € 3ByKOBOTO Hajsirane [3]. MepHata enu-
HUIA 3a 3ByKOBO HaysraHe ¢ [lackan (Pa). M3pa3siBaHero Ha 3Byka B [Tackanu oOaue
HE € MPaKTUYHO MOpajyd IIUPOKUS 00XBAT HAa MHTEH3UTETA, KOMTO YOBEHIKOTO YXO
MOXe€ Aa Bp3npueMe. C yBeln4yaBaHe 3BYKOBOTO HAJISITAHE 3BYKBT CE UyBa MO-CUJTHO,
HO BB3MPHUATHETO HA CUJIATa HA 3ByKa HE CE€ YBEIMYaBa MPaBONPOINOPLUHUOHAIHO Ha
3BYKOBOTO HaJIsSITaHE, a B JIOTAPUTMUYHA 3aBUCUMOCT. 3aTOBa € MO-yA00HO J1a Ce U3-
passiBa, 4pe3 JIOTApUTMHYHU BEIMYUHU, a UMeHHO nenudenu (dB) Beeku 10 dB yge-
JTUYCHUE Ha HUBOTO Ha 3BYKa, YOBEIIKOTO yXO BBH3MPUEMa KaTO MPUOIUZUTEIIHO Y/I-
BOSIBAHE Ha CHUJIaTa Ha 3ByKa B JIOCTA IIUPOK JUAINA30H OT aMIUIUTY/IH.

3ByKOBI/ITe HHUBa LP CC U34YHUCJIIBAT Ha JIOrapUTMH4YHA OCHOBA, KAaTO CC M3IIOJI3BA Ch-
OTHOHICHHUECTO MCKAY UBMEPCHOTO N €TAJIOHHO 3BYKOBO HAJIATaAHEC!

Py p
rms rms
L, =10lg| ——| = 20lg ,[dB], (1)

pref pref

1 (t2
Kbaero: pyms = \]; ftl p?(t)dt e edpextuBHOTO (RMS) 3BYyKOBO Hajsrane, Pa, u

Dref = 2.107°Pa = 20puPa e CpaBHMTENHOTO 3BYKOBO HAJISiTaHE BBB Bb3yIIHA
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cpelia, HapeyeHOo OlLIE Ipar Ha YyBaeMOCT.

EKBUBaJIECHTHOTO HUBO Ha 3ByKOBO HAJAraHe - Lo, € CAMHCTBEHHUAT MIOKA3aTEN, KOHTO
€ IIUPOKO PAa3MPOCTpPaHEH IMPHU OLIEHKAaTa Ha €KCIO3UIMATA Ha M3TOYHUIM HA IIYM.
To3u mapamersp ce M3MOJI3BA 32 OlLCHSABAHE Ha 3BYIM C HUBA, BapUpalld BbHB Bpe-
MeTo. HUBOTO Ha 3ByKOBO HAJIATaHe, OCPEIHEHO 3a onpeneneH nepuon T, € L,. Ex-
BUBAJICHTHOTO HMBO HA 3BYKa € €IMHHMIIA 32 U3MEPBAHE, ITPU KOATO CE U3IMOJI3BA HAT-
pPYNBAHETO HA 3BYKOBHM HHUBA 3a OIpPEACIICH MEPHOJ OT BpeMe. TUINMYHHTE HUBA Ha

nrymMa B KHJIUIITHATE CTPAA U MEXTYCTpaHu MPOCTPaHCTBa € B quana3ona oT 30 dB
1o 85 dB. O0uuaifHOTO HUBO Ha 3ByKa Ha Maructpainuus Tpaduk € 70 dB u e cBbp-

3aHO ¢ JpasHenl myMm. M3maranero 3a abiabr mepuoj Ha 3ByKOBO HMBO Haa 85 dB
MpUYMHSBA YBpPEXKJIaHE Ha ciayxa. [IMKoBUTE CTOMHOCTHM Ha IIyMa Y€CTO JOCTUTrat

100 — 105 dB. CeriacHo cTaHIapTUTE 3a U3MEPBaHE Ha HUBOTO Ha 3BYKa, YACOBHHU-
KbT 33 PEATHO BpeME Ha U3MEPBATEIHOTO YCTPOMCTBO HE TPsOBa J1a ©Ma MO-TOJIEMH
OTKJIOHEHHSI OT 5 S OT ICHCTBUTEIHOTO aCTPOHOMHUYECKO BpeMme. Bpemesara paznenu-
TEJHA CIIOCOOHOCT 3a YacOBHHUKA TpsiOBa ja Obae Haii-manko 1s [4]. MoHHUTOPBT
TpsiOBa HEMPEKBHCHATO JIa 3alKCBa 3BYKOBH JIaHHU U TIPU 3asBKa Jla TTOKa3Ba MpeTer-
neHute ype3 A-GuUnThp HUBA HAa 3BYKOBO HaliAraHne L, Ha U3MepBaHUs 3BYK Moj Gop-
MaTa Ha MOCJIEeI0BATEIHOCT OT JaHHU C OCPEIHSABAHMS 3a | CeKyHAa WM IPYTH Mpe-
BAPUTEIHO 3a/1aJICHA BPEMEHA.

1 (7 La® 1 (7 Panps®
Lpeqr = 10 1g7j 10 10 dt = 10 lgTJ 10 Prer dt, (2)
0 0
Esponeiickara upextusa (2002/49/EC) [2] n3nonspa uHAMKATOPBT Lyt KaTo 6a3a
3a ompeesiHe CTeNeHTa Ha JUCKOM(OPT Ha HACEICHHUETO MPe3 Pa3INYHUTE YaCTH OT
JIEHOHOIIMETO. 3a 1eiTa ca AeGUHUPAHU CIICTHUTE OOIIY ITYMOBH MOKA3aTEIIN:
Loex (IHEBHO HUBO HA LIYMA) — MPEICTABIsABA A-TIPETETJICHO OCPEAHEHO EKBUBAJICH-
THO HUBO 3a JIBIBI IEPUOJ OT BpEME, OTHECEHO KbM BCUUYKH JTHEBHU MEPUOU HA TO-
nuHata. Onpenenst ce cvriacHo cranaapra [SO 1996-2:1987. Ilokazarensr L., o1-

yuTa CTENeHTa Ha JUCKOMGOPT Mpe3 JHEBHUS MEPUOJ] OT BPEME C MPOIBIKUTETHOCT
12 gaca (ot 7 10 19 4.).

Leuep (B€UEPHO HMBO HA IIYMa) — €KBUBAJIEHTHO A-IIPETETVIEHO OCPEIHEHO HUBO,
OTHECEHO KbM BCHUYKH BEUECPHU MEPHUOJIU Mpe3 TOJIMHATA, B ChOTBETCTBUE CHC CTaH-
napta ISO 1996-2:1987. L., € cBBp3aH ¢ qUCKOMGPOPTa BEYEPHO BpEME M 0OXBaIla
nepuosa ot 19 1o 23 4. ¢ npoaABIHKUTETHOCT 4 vaca.

L0 (HOLIIHO HMBO HA IIYMA) — EKBUBAJICHTHO A-IIPETEIVIEHO OCPEIHEHO HUBO, OT-
HECEHO KbM BCUYKH HOIIHM MIEPUOJIM HA TOJMHATa, onpeaeaeHo oT ctanaapta [ISO
1996-2:1987. HomntHusT nepuoj; BKJIFOYBA BpeMETO OT 23 10 7 Y. U € ¢ MPOABIDKUTEII-

HOCT OT 8 4. UlHaukaropsT 3a HOEeH miyM L, ce U3Mon3Ba 3a OLeHKa Ha CMYIICHU-
ATa Ha ChHI.

Los (MHAMKATOp AEH-BEYEP-HOI) — MPEACTABISABA A-IPETErNIEHO €KBUBAJIEHTHO MPO-
IBJDKUTENIHO HUBO HA IIyMa, u3MmepeHo 3a 24-yacoB nepuoxa dur.l. MHaukaTopbT
OIpezens UAT0CTHUSA TUCKOM(POPT U ce U3UUCIIsABA Ha 0a3aTa HA Loen, Leeuep M Liowy:
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1 LBel{ep+5 Loy +10
L24—101g—<12 10 e +4-10" 10 +8-10" 10 _ ) 3

KkbJeTo 5 dB ca mo6aBenu kpM HuBaTa Mexay 23:00 u 07:00 gaca u 10 dB ca no0a-
BeHU KbM HUBaTa Mexay 19:00 u 23:00 gaca ¢ nien 1a ce oTpasu No-BUCOKaTa YyBCT-
BUTCJIHOCT Ha HACCJIICHUETO 10 BpeMe Ha Te3H rnepuoau [4].

) I S S S T
(1 s feeeeeaes oo 5. Hexa- &
CNEL=67dB ' saTenm
N - - I 1 1111 "m/% W/
R«
P U S S S
: I[.eH : i Beuep .
40 | : : : S——I

7:00 10:00 13:00 16:00 19:00 22:00 1:00 4:00 7:00

®wur.1. [Ipecmsatane Ha L,, [5]

[lcuxoakycTrKaTa u3y4aBa MCUXOJOTUYECKUTE U (HU3HOJIOTUYECKUTE OCOOCHOCTH Ha
BB3MPUEMAHETO HA 3ByKa OT CTpaHa Ha YoBeka. KakTo Oe moco4eHo 3ByKbT B IPUPO-
naTta € (GU3NYECKOo SIBICHHE, MPEACTABISIBAIIO PA3POCTPAHEHNE HA MEXaHUYHU BhJI-
HU BBbB BB3/IyIIHA WUIU JIpyra Cpe/ia, KOETO € CBbP3aHO C OlpeaeneHu cpoiicTa. Ilcu-
X0aKyCTHKaTa € Bpb3KaTa MEXIY T€3U CBOKWCTBA U ChOTBETHA MCUXOJOTHYHA PEAKIIUs
npu YoBeka [6]. Bpb3kaTa che 3a00MKaAIaTa HU Cpeia MMa JBa acleKTa:

o O6exkrtueH (¢puznuecku) - Tosa ca mpoiiecute, MPOTUYAIIMA B OKOJIHATA CpEa,
KOUTO ca OOEKT Ha M3CJIe/IBaHE HA TOYHUTE HAYKH.

o CybextuBeH (ncuxonoruyeckn) - ToBa ca mpolecure, KOUTO NPOTHYAT B YO-
BELIKHS OPTaHU3BbM U MICUXHMKA KaTO OTPaKEHUE Ha OOEKTUBHUTE JIPA3HEHUS.
CrnenoBaTesHO 3BYKbBT € HE caMO (pU3MyeH mpouec, a ¥ NpOoAYKT Ha BB3IPUATUETO,
KOETO 3aBHCH OT MHIUBUIYAIHUTE MCUXOJIOTMYHU OCOOEHOCTU M CIOCOOHOCTUTE Ha
Ja7eH UHIUBU/I.

3. APXUTEKTYPA HA TIPEJJIO/KKEHATA CUCTEMA

3a peanuzanusTa Ha CEH30pHATA CUCTEMA € M3MoI3BaHa miatdopmara Raspberry Pi 3,
GEMBIRD USB 3BykoBa kapra u ADMP404 MEMS mukpodon. 3a ga ce cpriacy-
BaT ayJMo0 BXOJIOBETE C M3X0Ja Ha MUKPO(DOHA, Ce M3MOJ3Ba HHBEPTHUPAII] YCUIIBATET.

Tasu koHburypanus ce 3axpanBa ¢ 6arepuss PB-T3 ¢ kananurer 16000 mAh. Cnen
MPOABIDKUTENIHA paboTa M3MepeHaTa cpeaHa KOHCyMallus Ha TOK € okoio 440 mA

npu 5 IV 3axpaHBailo HampeKeHHe, KOETO MO3BOJIsIBa HEMpeKbcHaTa padoTa Ha yCT-
POMCTBOTO 3a MoBeue OT 24 yaca, KaTo He ce JOIMyCKa pa3pexaaHe Ha aKyMyIaTOPHUS
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naket no-rojisiMo oT 80 %. Ta3u koHdurypaius e nocrapena B kytus c [P 67 crenen
HAa 3alIHTA.

MuxkpokonTtponepa Ha miardpopmara RPi 3 e ot tuna ,,cucrema Ha yumn’, ¢ 4-speH
ARM Cortex-A53 nporuecop, padotent ¢ yecrtota 1,2 GHz; rpaduden nporecop; 1
GB RAM; Wi-Fi u Bluetooth Mmomynu 3a 6e3:xHuHa KOMyHHUKAIUS U CJIOT 32 microSD
kapta ¢ namer. RPi u3nomn3Ba moauduupana Bepcus Ha OMepalMOHHATa CUCTEMa
Raspbian, kosT0 1mMo3BOJsIBa OBP30 MPOTOTUIIUPAHE HA ANTOPUTMH, pealu3upaHH B
nporpamtara cpeaa Ha Matlab/Simulink.

3ByKOBa ,I: f
K ) ‘ > KapTa usB

Muxkpodon RPi
3ByKOBa E UART
K ) ‘ > KapTa usB
Muxkpodon T
3axpaHBalil
010K

®ur.2. ApXUTEKTypa Ha MpeaoKeHaTa CucTeMa.

4. PEAJINBALIUA

MuxkpogoH 1 ycujaBareJl

YpenbT 3a n3MepBaHe Ha IMIyM TpsiOBa 1a Moxke aa u3mepna ot 40 mo 120 dB. 3a us-
6opa Ha MUKPO(DOH € HEOOXOANMO, TOU Jla MPUTEKABA MOAXOAIIA YyBCTBUTEIHOCT
pasperniaBaiia To3u 00xBar. UyBCTBUTEITHOCTTa Ha aHAJIOTOBUTE MHUKPO(POHH OOUK-
HOBEHO ce€ 3ajaBa B enuHuiin dBV ¥ mokas3Ba KakBO HaNpeXEHUE, U3MEPEHO BbHB
BOJITOBE, IT[€ UMa W3XOJHMSI CUTHAN 3a JaJ€HO HUBO HA 3BYKOBOTO Haysirane. YyBcT-
BHUTEJTHOCTTa € BpB3KaTa MEXAy JHHEHHaTa emununa mV/Pa w norapuTMUYHaTa
enuauna dBV, u ce naBa KakTo clieaBa:

Sensitivitymy pq

Sensitivity gy = 201g( ), 4)

Output ggpr

KbJIETO Sensitivity,p, € YyBCTBUTEITHOCTTa Ha MHUKPO(OHA H3MEpPEHa B JIOTAPUT-
MuyHa enuuuna dBV, Sensitivity,,y pq € 1yBCTBUTEIHOCTTA HA MUKPO(QOHA B JIU-

HEWHATA CIUHHIA Sensitivity,y pq, @ OUtputgpp € C€TAJOHHO HANPEKEHHE ChC
croitnoct 1000 mV.

3a edeKkTuBHATa CTOMHOCT HAa M3XOJHOTO HamlpeKeHHe Ha MUKPOQoOHa V. rys €
Mojyvana:
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Sensitivity gy
Vmic_RMS =10 20 . (5)
N36par ¢ MEMS wmukpopon ADMP401 [7], ma Analog Devices. Toii chabpika
MEMS mukpodoHn, npeodpa3yBaTes Ha UMIIEIAHC U U3XOJIeH ycuiBaren. UyBcTBU-
tenHoctta Ha ADMP401 e —42 dBV, nopaau koeto € u3bpaH 3a u3MepBaHe, KaKTo
P BUCOKO, Taka W MPU HUCKO HajsraHe. Tol MMa aKkyCTHMYHA TOYKAa Ha MPETOBap-

BaHe (acoustic overload point) or 120 dBsp;. 3a MUKPO(QOH C YyBCTBUTEIHOCT OT
—42 dBV ce u3Bexaa cieaHaTa 3aBUCUMOCT:

Sensitivitymy pa
—42dBV = 201 ( ), 6
&\ 1000 mv (©)
1 Ype3 aHTHIIOTapUTMYBaHE MOJKE Jla Ce U3BeIe,
Sensitivitymy /pq
— 10—2.1, 7
1000 mV (")
WIIH:
Sensitivity,y pq ~ 7,94 mV /Pa (8)

ToBa cwoTBercTBa Ha 7,94 mVpys CTOMHOCT Ha HaANpEeKEHUETO HA U3X0Aa
upu 94 dB SPL akyctuuen Bxoj. Ilpu makcumanno 3BykoBo Haisrade (120dBgp;),

MaKCUMAJTHOTO M3XOJHOTO HampekeHue Ha Mukpodona V,,, me o0vae 158 mV. Ha
®ur. 4 e nokazana npenasatenHa Gyukius Ha Mukpopona ADMP 401.

-
N
o

5 5
g 100 - __________________________ _
= 80 ;
E 80f ]
i f :
2 60 |- E
2 - — ADMP401 ]
% 40 | - - SPL94dB -]

10 107 102 10°
ADMP401 U3xogno HanpexeHue, V

®ur.3. [IpenaBarenna pynkuus Ha Mukpodhona ADMP 401.

[IpenxonHuTe U3YUCICHUS 32 MAKCUMATHOTO M3XOJHO HANpPEKEHUE ca HEOOXOIUMU,
32 J]a MOE€ J]a M3YUCIM KOCPUIMEHTHT HA YCWJIBAHE Ha YCUJIBATENS CJIe]l MUKPO-
¢dona. M3non3BaHaTa cxema 3a yCWJIBaHE € UHBepTHUpan] ycuiBaTen. OueBUIHO €, Ye
M3M0JI3BAHETO CaMO Ha €IHO YCHUJIBaHE, IIE JIOBENE JO JIOIIM PE3YJITaTH KaKTO MpHU
HHUCKO HUBO, TaKa W MPU MUKOBO HUBO HA BXOJHMS aKycTUueH curHai. [lopaau ta3u
MIPUYMHA, 32 J1a CE MOCTUTHE MO-ToJisiIMa TOYHOCT MPU U3MEpPBAHE HA HUBATA Ha 3ByKa
B pa3IuYHH OOXBaTH, C€ BHBEXKIAT JBa KaHaja ¢ WHIWBHUIyAIHH KOC()HUIIMEHTH Ha
yCUJIBaHE (BUCOK U HUCHK). J[Manma3oHUTE Ce U3UUCISABAT, KAaKTO CJIE]Ba,
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SCVin max 828 mVRMS
Vmic@sods 1.585 mVgys

AHG - == 522, (9)
KBJETO Apg € KOe(UIIMEHTHT Ha YCUIIBAHE HAa KaHaJla C BUCOK KOE(UIIMEHT Ha yCHJI-
BaHe, Vyic@goap € HUBOTO Ha m3xonHO HamnpexxeHne ADMP 401 npu HuBO Ha akyc-
truaus curHai ot 80 dB ®wur. 4 u SCV;y, max € MAKCUMATHOTO BXOJIHO HAITPEKEHUE

Ha 3BYKOBATa KapTa.
KOC(bI/IHI/IGHT’I)T 3a KaHalJla ¢ HUCKO HMBO Ha YCHJIBAHC CC U3YHNCIIXIBA, KAKTO CJICIBA,

SCV; 828 mV/,
— in max — RMS — 5.24’ (10)
VMmic@i20as 158 mVgys

Ag

KBJIETO A;; € KOCPUIIMCHTHT Ha YCHJIBAaHE 3a KaHaja ¢ HUCHK KOCHUIIMEHT Ha YCHUJI-
BaHe, Vijc@1204p € HUBOTO HA U3XOJHO HampexeHue Ha Mukpopona ADMP 401 npu

HUBO Ha aKycTU4HHs curHai ot 120 dB.

3a nBaTa KaHaia ca n30paHu ChOTBETHO KoedurueHTn Ajc = 5 u Ayg = 500.

3ByKoBa KapTa

W3xoanust ¢opmar Ha 3BykoBara kapra GEMBIRD USB (SC) e 16-6utoBo 1o
9HCI0 ChC 3HaK (—32768,+32767), KOETO TEOPETUYHO OCUTYPSIBA TMHAMUYECH 00X-
BaT HajJ 96 dB. MakcUMaJIHOTO HHMBO Ha BXOJHOTO HANpeXeHHWe Ha MUKPO(POHHUS
BXO/JI Ha 3ByKkoBarta kapta SCV,,,, = 828 mly)s- HUBOTO, IIPpU KOETO CE€ HACUIIA 3BY-
KOBaTa KapTa.

AJITOPUTHM 32 CbOMpPaHe HA JaHHU
N3xonbT Ha 3ByKOBaTa Kapta ce 3anucBa upe3 ALSA Audio Capture 6510k ¢ yectoTa

Ha nauckperm3anus 48 kHz u apmmkuHa Ha 3anuca ¢ 6000 TUCKPETHH CTOMHOCTH, Ch-
OTBeTCTBaIM Ha 125 ms 3ByKOBU aHHHU.

RASPRF{?RYPI n1
z(‘ =|r Out1=p{ A-weighting
In2
Low-gain channel Comparator Weighting Filter
RASPBFRRYPI L
Vs In10ut1 ] In10ut1 > in1

RMS Transfer Noise Data

High-gain channel function dB  cajculation

®ur.4. AnropuThbM 3a CbOMpaHe HA TaHHU

3BYKOBHTE JaHHU OT KaHaja ¢ HUCHK KOS(PHUIIMEHT Ha yCUJIBAHE U BUCOK KOCHUIIUECHT
Ha yCUJIBaHE Ce MoJaBaT KbM OJIOK 3a CPAaBHEHHUE U aKO CTOMHOCTUTE B KaHAJa C BU-
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COK KOC(UIIMEHT Ha YCHJIBAHE IOCTUTHAT HACHILAHE, Ce MPEBKIIOYBAa KbM KaHalla ¢
HUCHK KOCPUIIMEHT Ha ycuiBaHe. [lanHute ce monasar Ha A-Quintsp ¢dur.4.
Xapakrepuctukara Ha A-puirhpa € gepuHHpana croopex crangapta ANSI
S1.42.2001 [8] w rpanunm Ha 3aTuxBaHe, criopen cranaapra IEC 61672-1: 2002
Cnen ToBa 3amucute oT o 125 ms ce mojgaBar Ha OJ0Ka 3a U3YUCIIBaHE HA edek-
tuBHa croitHOoCT (RMS) 6710k 1 650k ,IIpenaBarenna gyuknus® (Transfer function),
KOUTO CHOTBETHO M3UMCIISABAT CpeAHATA KBaJpaTHUHA CTOWHOCT W HUBOTO HA 3BYKO-
BOTO HAJIATaHE B ICIIUOCITH.

Koraro u3mepBaHeTo Ha IIymMa MPUKIIIOUH, U c€ ChOepaT HEOOXOAMMHUTE JaHHH CJICI-
Ba M3YMCJIABAHE HA OCHOBHUTE MapaMETPH Ha LIyMa: T.€. EKBUBAICHTEH IyM Lje, 38
onpezeneno Bpeme T (Hanp. 1 9ac) (Lyeqr).Crien ToBa Ha Beeku 60 MHHYTH ma-
pamMeTpuTe ce M3Mpamar KbM 0a3a JaHHU Ha ChPBBpa 3a€IHO C JaHHH 3a BPEMETO Ha
uscieiBaneto. Cren 24-4acoB MUKBI HA U3MEPBAHE MAPAMETPUTE Loy, Lyeuep M Liyon
CE M3YHCIISIBAT C IOMOIITA Ha MOJTy4YeHUTEe JaHHu [9].

KanubOpupane

KamuGpupanero Ha cucTemMaTa ce Hajlara 3a MUHUMH3UPAHE Ha TPEIIKUTE MPU 13-
MEpBaHUATA 3a JIa C€ MOKPUAT U3MCKBAHUATA HA ypeJI OT KJIac A CIOpe]l CTaHaapTa
IEC 61672 [10]. 3a na ce moCTUTHE Ta3| 1ieJI, CUTHAJIM C U3BECTHU HUBA, pasIpe/ie-
JISHU B 1eJMs 00XBaT Ha U3MEpPBaHe, ce U3MepBar cbe cucrtemara. Cies ToBa upe3
perpecus ce U3BeXk/1a aHATMTUYHUS BUJ] Ha MpeaBarenHaTa QyHKIHs.

110
S 100 P —
S 80 e y =13,312In(x) - 22,787
2 70 w4 R? = 0,9265
=
= 40 % R=0,9625
g 50 &
i 40 X decibels
g% 30 Log. (decibels)
0 5000 10000 15000 20000
ADC croiinoct

®ur.5. OyHKIUA 32 KaTUOpUpaHe Ha KaHajla ¢ BUCOKO YCUJIBAHE

AKYyCTUYHHTE CHTHAJIM C HapacTBallla amIuinTyna B mHTepBana 35— 115dB u c

npoabKUTETHOCT 30 S ce U3IBYBAT KbM PA3MOI0KEHUTE EIUH J0 APYT pedepeHTeH
ypen kiac 1 ¥ KbM IMpOEKTHpaHaTa CeH30pHa cucTema. Mi3MepeHnTe HUBa Ha 3ByKa Ce
3ama3Bar 3a mnociessaina oopadorka. [locmeapamara 06paboTKa ce ChCTOM OT OCPE/I-
HSBAaHC HAa HMBATa Ha IIyMa OT €TAJOHHMS ypeJ W M3YHC/IsIBaHEe HA CpeaHa KBajapa-
THYHA CTOMHOCT (ciien A-(QWIThp) Ha CUTHAJIA OT U3X0la Ha 3BYKOBATa KapTa

®ur.5 nokasea pe3ynTaTuTe OT M3MEPBAHUS HA HUBOTO HA IlyMa C CTAJOHHUS Ypei,
Pulsar Model 91 [11], or oOpaGoTeHHst M3XOA Ha 3BYKOBaTa KapTa M ChOTBETHATA
perpecroHHa KpHBa 3a KaHaja ¢ BHCOK KOC(HIIMEHT Ha yCHJIBaHE Ha CEH30pHATa
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cucrema. [lopagm norapuTMHUYHMS XapakTep HA 3ByKa IPU PETPECUATA CE IMPEIIO-
jara, 4ye mpejaaBaTenHaTa (QYHKIHS € ChIIO JorapuTMUYHA.34ncaeHoTo ypaBHEHHE
3a mpeHocHaTa QYHKIUS € CICTHOTO:

Ly = 13.312 - In(ADC,,,,s) — 22,787, (11)

kbaeTo L, € HuBo Ha 3Byka B dB, ADC,.,s € A-ipereriieHa e(h)eKTUBHA CTOMHOCT Ha
M3X0/1a Ha 3ByKOBaTa KapTa.

AHaNoOru4Ho € YCTAaHOBCHA U IIPpCAaBaTCIIHATA q)YHKHI/I}I 3a KaHaJla ¢ HUCKO HUBO Ha
YCHJIBAHC.

HHTepBanbT OT BpeMe 3a MHTETPUPAHE, U3IIOI3BaH MPU M3YUCIIIBAHETO HA Cpe/IHATa
CTOMHOCT, € B ChbOTBETCTBHE ChC CTAHJIAPTU3UPAHUTE XapAKTECPUCTHKHU 32 OBP30 U3-
MepBane (pexxuM F) - Bpeme 3a n3mepBane 125 ms, kakto e nocodyeHo B IEC 60651.

EKCHepHMeHTaJIHI/l pe3yJaTaTn

Tounoctra Ha RP1 Bb3ena e npoBepena ¢ Pulsar 91 B mrymo3arnymena 3ana. M3tou-
HUKBT Ha 3BYK € 3allicaH MIbTeH Tpaduk ¢ mpoabukuTenHocT 25 s. CpaBHEHH ca HaA
200 pesynrata OT M3MEPBAaHMs HANpaBEeHU JBara ypeaa. CpeaHaTa pasiauka MEXIy
TexHute ctorHoctu € +1,47 dB. Pa3nukaTa ce IbKM OCHOBHO Ha OBP3U MPEXOIHU
IIPOLIECH.

OueHka Ha pa3xoJuTe 32 OCHOBHHUTE XapJyepHH KOMIIOHEHTH

OcHOBHHUTE XapJyepHHW KOMIIOHEHTH, W3MOJI3BAaHH B MOAYJA U TEXHUTE MPUOIH3H-
TEJIHU LI€HU ca aajeHu B Ta0i.1. OOmiara 1ieHaTa Ha KOMIIOHEHTHUTE € OKOJIO 136 eB-
po. CpaBHsBaHETO Ha Ta3W II€Ha C TUNUYHATa IieHa 3a ypen kimac 1 (1500 —

3000 EBpo) sicHO TOKa3Ba, TOBA MPUJIOKEHUE € MHOTO KOHKYPEHTHO.

Taduauna 1.
Komnonent TBProBckO HaMMEHOBaHUE I{ena, eBpo
1 OcHOBHa IJIaTKa Raspberry Pi 3 35
2 Muxkpodon ADMP 401 2x16
3 3ByKOBa KapTa GEMBIRD USB 2x4
4 GPS monyn GPS Hat 30
5 Kyrtus 15
6 Kabenu u akymynaropu 15

5. BAKVIIOYEHHUE

B crarusra ca cnenuduiiipanu W3MCKBAaHUATA U CTPYKTypaTa Ha CHCTEMa 3a U3Mep-
BaHE Ha KOHBEHITMOHAJIHU [ITyMOBH IMapaMeTpH.

Cucremara e MpoeKTUpaHa U peaau3upaHa, KaTo € KaauOpupaHa ¢ eTaIOHEH ypea OT
kiac 1.

JlebuHupanu ca mapameTpuTe KOUTO TpssOBa 1a ObJaT 3aMMCBaHM 3a TIOCIIEABAI aHa-
73 Ha ITyMOBOTO 3aMbPCSIBaHE.

[TpennoxxeHusT Moaxo/1 61 OWJI TOJIE3EH 3a MPOEKTAaHTH U MHXKEHEpU padoTeliy B 00-
JacTTa Ha aKyCTHKATa.
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STATISTICAL ANALYSIS OF TRIBOLOGICAL STUDY RESULTS OF DRY
ABRASIVE WEAR OF ULTRA-HIGH-MOLECULAR-WEIGHT POLYETH-
YLENE (UHMWPE), MODIFIED WITH CARBON NANOTUBES (CNTS)

Georgiev Tz., Nikolov K., Kandeva M.

Abstract: This arcticle deals with the statistical analysis of tribological results of Ul-
tra-high-molecular-weight polyethylene (UHMWPE) samples containing different
concentrations of multi-walled carbon nanotubes (CNTs) - 0.5%, 0.75%, 1.0% and
1.5% in several instances of contact interaction with the counterpart in the case of
dry abrasive wear.

Keywords: abrasive wear, UHMWPE, carbon nanotubes, composite materials, statis-
tical analysis

1. INTRODUCTION

UHMWPE in its pure form has some very good antifriction properties - very good
wear-resistance (less than 10*° J/m®) which makes it superior to most of the composite
polymeric materials used and it also has an extremely high resistance to erosion and
abrasion. However, its coefficient of friction on metal for pressures 0,5+5,0 MPa and
sliding speeds 0,1+2,0 m/s varies from 0,10+0,35, which does not meet the require-
ments for good anti-friction material. This means that this material has to be modified
to reduce its friction of coefficient, improve its thermal conductivity and mechanical
strength. Carbon Nanotubes (CNTs) are allotropes of carbon with a cylindrical
nanostructure which have unusual properties valuable for nanotechnology, electron-
ics, optics and other fields of materials science and technology. Owing to the materi-
al's exceptional strength and stiffness, nanotubes have been constructed with length-
to-diameter ratio of up to 132,000,000:1, significantly larger than for any other mate-
rial. Their biggest advantages are that they are extremely small and light, resistant to
temperature changes and self-lubricating. The Carbon Nanotubes used in the study are
with an average diameter of 1040 nm, length of 1+25 um, purity by weight 93% and
specific surface 150250 m*/g. In order to improve their reinforcement properties, a
surface electroless nickel plating (Ni-P) on SiC particles in alkaline bath using two
nickel salts (NiSO,4 and NiCl,) is conducted [3]. The main idea is to show the results
from the R&D of a new composite material based on UHMWPE reinforced with
CNTs, which in turn are reinforced with nickel plating, in order to combine the posi-
tive characteristics of both materials and to overcome each other's disadvantages to
create a unique material possessing low coefficient of friction and high wear-re-
sistance, which characteristics are retained in a wide range of working environments.
The wear behavior test methodology used is based on the measurement of the mass
wear of the specimens for a defined friction path under constant conditions - load,
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sliding velocity, type of abrasive and sample sizes, after which the wear characteris-
tics are calculated - wear rate, wear intensity, absolute and relative wear-resistance.

The methodology includes the following operations:

e Preparation of samples of the same size and uniform roughness of the contact
surface. The surface roughness and profile is determined by the roughness
gauge "TESA Rugosurf 10-10G";

e Measurement of the starting mass m, [mg] of the specimen using an electronic
balance WPS 180/C/2 with an accuracy of 0,1. Before each measurement of the
balance the sample is cleaned from any mechanical and organic particles and
dried with ethyl alcohol to prevent the electrostatic effect;

e The sample is placed in the holder of the head of the tribotester (tribometer), a
specified normal load P is assigned, and a specific path of friction S is realized.

e The mass m; of the specimen is measured again after passing the specified fric-
tion path S.

The following characteristics of mass wear are calculated:

e Mass wear m, [mg] - represents the mass of the surface layer of the sample for a
specific friction path S;

e Mass wear rate » [mg/min] - it represents the removed mass friction per unit
time of friction t;

e Wear intensity, i [um/m] or [m/m] - the change of the height of the sample (lin-
ear wear) per unit of friction path S;

o \Wear-Resistance | (absolute wear resistance) - it is expressed as a reciprocal
value of the wear intensity i;

Absolute wear-resistance is a number that shows how many meters of friction path the
specimen will pass under given friction conditions to destroy its surface area, equiva-
lent to linear wear (h) a micron.

o Relative wear-resistance R;; - representstheratio of the absolute wear resistance
of the test specimen (I;) and the wear resistance of a test specimen adopted as a
benchmark (1;), determined under the same friction conditions;

Relative wear resistance is a non-dimensional number that indicates how many times
the wear resistance of the test specimen is greater or less than that of the benchmark.
The abrasive wear in dry friction is investigated with a kinematic "Thumb-Disc" kin-
ematic device in flat contact.

The functional diagram of the device is shown in Figurel [1,2]. The test specimen 1
(thumb) is fixed to the holder seat 2 in a loading head 8, in such a way that the face of
the test specimen contacts the abrading surface 3, fixed for horizontal disc 4. The disc
4 is driven by an electric motor 6 and rotates about its vertical center axis with an an-
gular velocity m=const.
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Fig.1. Diagram of an apparatus for the study of the wear by friction
oNn a surface with fixed abrasive scheme « Thumb-disk»

The normal load P is applied to the center of gravity of the contact site between the
sample and the abrasive surface and is provided with weights by means of a lever sys-
tem in the loading head. The friction path is set by the number of revolutions with the
tachometer 7. The device allows the sliding speed to be varied by varying the angular
speed of the disc from the control unit and/or by varying the distance R between the
axis of rotation of the disc 4 and the axis of the sample 1. The abrading surface 3 is
molded by impregnated corundum (E) with a hardness of 9.0 on the Moos scale,
which guarantees the requirement of the standard (BJIC/ISO 14289:1977 and GOST
17 367-71) for a minimum of 60% higher abrasion hardness than that of the surface
layer of test materials. The experimental study was conducted under the conditions
shown in Table 1.

Table 1.
Experiment parameters
Ne Parameter Value
1 Load P=453N
2 Nominal contact area A, = 144 mm®
3 Nominal contact pressure p.= 3.14 N/cm®
4 Speed of rotation n =200 min™
5 | Distancebetweentheaxisofrotationandthe centerof the contact R =32 mm
6 Sliding speed of the center contact Ve=0.7m/s
7 . Corundum
Abrasive surface P320
8 Ambient temperature T=23°C

Table 2, Table 3 and Table 4 show the experimental results for mass wearing (mg),
speed (mg/min) and mass wear intensity (m/m) for several cycles N = 100, 200, 300
and 400 respectively. The friction path S corresponding to the number of cycles N is
calculated by the formula S =27zRN[m]. The designation of the tested materials
UHMWPE include a figure indicating the corresponding percentage of carbon nano-
tubes CNTs [4,5]. For example, the UHMWPE-0.5CNTs designation indicates the
presence of 0.5% carbon nanotubes CNTs. Nickel-plated carbon nanotubes are de-
noted by the letters Ni after the number, for example the designation UHMWPE-
0.5Ni-CNTs should be read as: "Ultra-high molecular polyethylene containing 0.5%
nickel-plated carbon nanotubes".
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Table 2.
Mass wear of the test specimens under a different friction path (number of cycles)

Number of cycles (N)
00 [ 200 [ 300 | 400
Ne MATERIALS Friction Path (m)
200 | 402 | 603 | 804
Mass wear (mg)
1A Tufnol 20.2 35.7 55.8 71.1
2A UHMWPE-OCNTs 1.7 35 47 5.6
3A UHMWPE-OCNTs" 1.3 2.9 4.4 5.7
4A UHMWPE-0.5CNTSs 1.8 3.1 45 5.4
5A UHMWPE-0.75CNTSs 1.7 3.2 41 5.4
6A UHMWPE-1.0CNTSs 1.3 3.7 43 5.0
7A UHMWPE-1.5CNTs 1.9 2.9 41 5.0
8A UHMWPE-0.5Ni-CNTs 2.1 3.0 4.0 47
9A UHMWPE-1.0Ni-CNTs 2.0 3.0 42 5.2
10A UHMWPE-1.5Ni-CNTs 2.3 5.0 6.0 6.7
Table 3.
Wear rate of the samples at different friction paths (number of cycles)
Number of cycles (N)
100 | 200 | 300 | 400
Ne MATERIALS Friction Path (m)
20.1 | 40.2 | 60.3 | 80.4
Wear rate (mg/min)
1A Tufnol 84.2 37.2 38.8 37.0
2A UHMWPE-OCNTS 7.08 3.65 3.26 3.92
3A UHMWPE-OCNTSs’ 5.42 3.02 3.06 2.97
4A UHMWPE-0.5CNTs 7.50 3.23 3.13 2.81
5A UHMWPE-0.75CNTs 7.08 3.33 2.85 2.81
6A UHMWPE-1.0CNTs 5.42 3.85 2.99 2.60
7A UHMWPE-1.5CNTs 7.92 3.02 2.85 2.60
8A UHMWPE-0.5Ni-CNTs 8.75 3.13 2.78 2.45
9A UHMWPE-1.0Ni-CNTs 8.33 3.13 2.92 2.71
10A UHMWPE-1.5Ni-CNTs 9.58 5.21 417 4.49
Table 4.
Wear intensity of the samples at different friction paths (number of cycles)
Number of cycles (N)
100 | 200 | 300 | 400
Ne MATERIALS Friction Path (m)
20.1 | 40.2 | 60.3 | 80.4
Wear Intensity (m/m)
1A Tufnol 498x 10° 44x10° 459x10° 439x10°
2A UHMWPE-OCNTs 0.63x 10° 0.64x 10° 0.58 x 10° 0.51x10°
3A UHMWPE-OCNTSs" 0.48x 10° 0.53x 10° 0.54x 10° 0.52x 10°
4A UHMWPE-0.5CNTs 0.66 x 10° 0.57x 10° 0.55x 10° 0.50x 10°
5A UHMWPE-0.75CNTs 0.63x 10° 0.59x 10° 0.50x 10° 0.50x 10°
6A UHMWPE-1.0CNTs 0.48x 10° 0.68 x 10° 0.53x 10° 0.46x 10°
7A UHMWPE-1.5CNTs 0.70 x 10° 0.53x 10° 0.50x 10° 0.46x 10°
8A UHMWPE-0.5Ni-CNTs 0.77x 10° 0.55x 10° 0.49x 10° 0.43x 10°
9A UHMWPE-1.0Ni-CNTs 0.74x 10° 0.55x 10° 0.52x 10° 0.48x 10°
10A UHMWPE-1.5Ni-CNTs 0.85x 10° 0.92x 10° 0.74x 10° 0.62x 10°

Table5and Table 6 show results respectively for the absolute and relative wear-resistance
of the test specimens.
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Table 5.

Wear-resistance of samples at different friction paths (number of cycles)

Number of Cycles (N)
100 | 200 | 300 | 400
Ne MATERIALS Friction path (m)
20.1 | 40.2 | 60.3 | 80.4
Wear Resistance (m/m)
1A Tufnol 20x 10° 23x10° 22x10° 23x10°
2A UHMWPE-OCNTs 15.9x 10° 15.6x 10° 17.2x 10° 19.6 x 10°
3A UHMWPE-OCNTS” 20.8 x 10° 18.9x 10° 18.5x 10° 192x 10°
4A UHMWPE-0.5CNTs 15.1x 10° 17.5x 10° 18.1x 10° 20.0x 10°
5A UHMWPE-0.75CNTs 159 10° 16.9 x 10° 20.0 x 10° 20.0x 10°
6A UHMWPE-1.0CNTSs 20.8 x 10° 14.7x 10° 18.9x 10° 21.7x 10°
7A UHMWPE-1.5CNTs 142x 10° 18.9x 10° 20.0 x 10° 21.7x 10°
8A UHMWPE-0.5Ni-CNTs 13.0x 10° 18.2x 10° 20.4x 10° 233x 10°
9A UHMWPE-1.0Ni-CNTs 13.5x 10° 182 x 10° 192x 10° 20.8 x 10°
10A UHMWPE-1.5Ni-CNTs 11.8x 10° 10.9x 10° 13.5x 10° 16.1x 10°
Table 6.
Relative wear-resistance
WEAR Relative WearCresistar!ce Ri,i . _
omparison omparison
Ne MATERIALS RESISTANCE In_fluence of nanopar- UHMVF:IPE and UHI\F/)IWPE
ticles on UHMWPE .
(S=80.4 m) : . Tufnol : w/o Ni qnd
w/o Ni w/ Ni w/o Ni w/ Ni w/ Ni
1A Tufnol 23x10° - - Ry1=1 Ry=1 -
2A UHMWPE-OCNTS 19.6 x 10° - - R,,=8.5 - -
3A UHMWPE-OCNTS” 192x 10° R3s=1 Rss=1 R;,=8.4 - -
4A UHMWPE-0.5CNTSs 20.0 x 10° R45=1.04 - R,,=8.7 - Ry.=1
5A | UHMWPE-0.75CNTs 20.0 x 10° Rs5=1.04 - Rs,=8.7 - -
6A UHMWPE-1.0CNTSs 21.7x 10° Rgs=1.1 - Rs,=9.4 - Roe=1
7A UHMWPE-1.5CNTSs 21.7x 10° R;5=1.1 - R,,=9.4 - R; =1
8A | UHMWPE-0.5Ni-CNTs 233x 10° - Rgs=1.2 - Rg ;=10 Rgs=1.2
9A | UHMWPE-1.0Ni-CNTs 20.8 x 10° - Rgs=1.1 - Rg1=9 Ro=0.9
10A UHMWRPE-1.5Ni-CNTs 16.1 x 105 - R10’3:0.8 - R10,1:7 R10'7:0.7

2. STATISTICAL ANALYSIS OF THE OBTAINED RESULTS

The following variables are introduced [9+13]:

Variable Description Dimension
m numerical variable: mass wear [mg]
Gamma numerical variable: wear rate [mg/min]
i numerical variable: wear intensity [micro g/m]
1 numerical variable: wear-resistance [m/micro g]
Rij CN UH df numerical variable: relative wear-resistance [.]
Rij UH_Tf df numerical variable: relative wear-resistance []
Material L grouping variable (string)
N grouping variable: number of cycles (integer)
\ 100 \ 200 \ 300 \ 400 \
S \ grouping variable: friction path (integer) \
| 20 | 40 | 60 | 80 |
Ni CN UH grouping variable: 0 — without Ni, 1 — with Ni
Ni_UH Tf grouping variable: 0 — without Ni, 1 — with Ni
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Material_L — . Material_1 -
. . = . Material . T .
grouping variable (string) grouping variable (integer):
1A Tufnol 1
2A UHMWPE-OCNTSs 2
3A UHMWPE-OCNTs” 3
4A UHMWPE-0.5CNTs 4
5A UHMWPE-0.75CNTs 5
6A UHMWPE-1.0CNTs 6
7A UHMWPE-1.5CNTs 7
8A UHMWPE-0.5Ni-CNTs 8
9A UHMWPE-1.0Ni-CNTs 9
10A UHMWPE-1.5Ni-CNTs 10

Each experimental magnitude is described by a random variable. Each factor which
investigated is described by a grouping variable. Each numeric variable is considered
separately.

One-way ANOVA: Analysis of the factor ""material**

The factors are studied separately: material (wt% CNTSs), number of cycles in the
tests, distance. The dependent variable is mass wear. It is necessary to establish that
the factors have a response to the dependent variable. According to Table 2, the 40
observations and the 10 levels of the factor "material” are examined. The mean values
with their confidence intervals are shown in Figure 5 - Number of Observations: 40
and Number of Factor Levels: 10.

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for m
With 95% Decision Limits

58 | = 47 F -
3 ] [ ] uDL=18,24
s } 3 F 1 cL=7,95
[ ] 37 4 LbL=233
38 ] r ]
[ ] 27 ]

m
N
©

T
1
Mean

F ] 17:— <
18 F 3 -

SIS SRR EEE R SRR

10A 1A 2A 3A 4A 5A 6A T7A B8A 9A 10A 1A 2A 3A 4A 5A 6A T7A B8A 9A
Material _L Material_L

Fig.5 Mean values and confidence Fig.6 Investigation of mean values and
intervals confidence limits

The analysis of the mean values (Figure 6) shows the influence of the factor on the
wear. Material 1A is sharply different from the rest (Figure 5 and Figure 6). If the data
is censored and material 1A is dropped from the examination, the other materials in
terms of wear can be represented by the following graph (Figure 7 and Figure 8). A
response is observed with respect to material 10A.

Multi-factor ANOVA: Wear rate of the test samples

The co-influence of factors "material” and "number of cycles” on variable mass wear
Is examined by two-factor analysis. In the single factor analysis, the influence of the
number of cycles factor is not clearly highlighted. The censored values are used. With
respect to censorship of data, the same reasoning is used as the previous variable mass
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wear (Table 3). The wear rate is considered a random variable and it is necessary to
determine the probability distribution.

Means and 95,0 Percent LSD Intervals Means and 95,0 Percent LSD Intervals
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10A 2A 3A 4A 5A B6A T7A B8A 9A 10A 2A 3A 4A 5A B6A TA 8A 9A

Material_L Material_L

Fig.7. Mean values of the censored data  Fig.8. Mean values with confidence limits
One-way ANOVA: Analysis of the factor ""material*”

The factors are studied separately: material (wt% CNTSs), number of test cycles, dis-
tance. The dependent variable is the wear rate. It is necessary to establish that the fac-
tors have a response to the dependent variable. According to Table 3, the 40 obser-
vations and the 10 levels of the factor "material” are examined. The mean values with
their confidence intervals are shown in Figure 9 - Number of Observations: 40 and
Number of Factor Levels: 10.

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for Gamma
With 95% Decision Limits
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Fig.9. Meanvaluesand confidence intervals Fig.10. Analysis of the mean values

Material 1A (Tufnol) again has a substantial response to "wear rate" (Figure 9 and
Figurel0). To review the rest of the material in detail, this material can be censored.
The censorship process can be interpreted as a re-iteration process when the data is
viewed "under magnifying glass", i.e. a more detailed review of the results for materi-
als 2A+10A. If the factor “material” is censored, the response (influence) of the factor
on the variable "wear velocity" is unclear. This is the reason to directly switch to two-
factor data analysis.

Two-factor ANOVA: Wear intensity of the samples

The joint influence of factors "material” and "number of cycles" on the variable "wear
rate" is examined by two-factor analysis. In the single factor analysis, the influence of
the number of cycles factor is not clearly highlighted. The censored values are used.
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Means and 95,0 Percent LSD Intervals Means and 95,0 Percent LSD Intervals
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Fig.11. Mean values and confidence lim- Fig.12. Mean values and confidence in-
its for factor "material tervals

With regard to censorship of data, the same reasoning as the previous variable mass
wear can be carried out (Table 4). The wear intensity is considered a random variable
and it is necessary to determine the probability distribution.

Two-factor ANOVA: Wear-resistance of the samples

The joint influence of factors "material” and "number of cycles" on the variable "wear
intensity" is investigated by two-factor analysis. In the single factor analysis, the in-
fluence of the number of cycles factor is not clearly highlighted. The censored values
are used. Both factors: "material™ and "number of cycles" affect the accidental wear
intensity. P-Values prove this conclusion.

Analysis of Means Plot for i Analysis of Means Plot for Il
With 95% Decision Limits With 95% Decision Limits

(X 1,E-8) X'100000,)
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CL=0,00 21 o T LDL:139132’1 2!
74 :_ _: LDL=0,00 : '
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g e4r E = s I
L
44 £ N nE 10A 2A 3A 4A 5A 6A 7A  8A 9A
10A 2A 3A 4A 5A 6A TA 8A 9A Material _L
Material_L
Fig.13. Analysis of the response Fig.14. Graphicrepresentation of the mean
of mean values values in terms of the factor “material”

3. CONCLUSION

The dependence of friction wear on non-nanoparticulate UHMWPE [6] has a linear
character. The presence of nanoparticles introduces a certain non-linearity in this de-
pendence, which is more pronounced in nickel-plated nanoparticles. In nickel-plated
nanoparticulate materials [7,8], the lack of treatment period was observed in a 1.5%
nickel-plated specimen. The nonlinearities described in the kinetics of wear are con-
firmed by the change in wear intensity for non-nickel-coated specimens. Emphasizing
the character of these curves is based on the fact that for abrasive wear, the generally
accepted view amongst the tribologists is linear, proportional dependence of wear on
the friction path. Figure 15 clearly shows the influence of the percentage of nanotubes
with and without nickel coating on the abrasion resistance of UHMWPE materials in
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400 friction cycles. The percentage of uncoated nanotubes has almost no impact on
abrasion resistance in dry abrasive friction.

30 -

dry friction
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0 0,3 0,6 0,9 1,2 1,5
% carbon nanotubes
Fig.15. Dependence of wear resistance from the percentage of nanoparticles
for UHMWPE materials, with and without nickel coating

For nanoparticulate coated materials, the dependence is nonlinear in nature with a
pronounced maximum of wear-resistance in content 0.5% Ni-CNTs. With higher na-
noparticle content, wear resistance decreases and for 1.5% it has the value 16.1x10°,
which is smaller than that without nanoparticles - 19.6x10° (Table 5). At this stage of
the study it is assumed that the reduction of the wear resistance of the materials by the
presence of 1.5% nickel-coated nanotubes in abrasive friction is due to an increase in
the brittleness of the surface layer resulting in a decrease in the cohesion strength and
consequently a decrease in its resistance against the cutting action of the abrasive par-
ticles. A diagrammatic representation of the absolute and relative wear-resistance of
the samples is obtained from the diagrams presented in Figure 16 and Figure 17.

30 1,6

D UHMWPE-CNTs . UHMWPE-Ni-CNTs | D UHMWPE-CNTs . UHMWPE-Ni-CNTs

1,4 -
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0,8 -
0,6
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10 ]

Wear-resistance x 10°
Relative wear-resistance

5

o

Fig.16. Diagram of the wear-resistance Fig.17. Diagram of the relative wear-re-
of UHMWPE materials with carbon sistance of UHMWPE materials with car-
nanotubes with and without nickel plating bon nanotubes with and without nickel
for 400 cycles plating for 400 cycles

Wear-resistance is a reciprocal value of variable wear intensity. The results are identi-
cal with those obtained for "wear intensity". For the influence of the factors: "mate-
rial”, "friction time" and "friction path", the following conclusions can be drawn:

e The censored data is used to highlight the influence of factors on samples:

2A+10A. The censorship considerations were clarified;

From the graphs presented in the statistical analysis it can be concluded that the best
results for dry abrasive wear shows sample (8A) UHMWPE-0.5Ni-CNTs, which fully
coincides with the results obtained from the tribological tests. The presented model
fully justifies the experiment under consideration.
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STATISTICAL ANALYSIS OF TRIBOLOGICAL STUDY RESULTS OF
ABRASIVE WEAR WITH SEA WATER AS LUBRICANT OF ULTRA-HIGH-
MOLECULAR-WEIGHT POLYETHYLENE (UHMWPE), MODIFIED
WITH CARBON NANOTUBES (CNTS)

Georgiev Tz., Nikolov K., Kandeva M.

Abstract: This article deals with the statistical analysis of tribological results of Ul-
tra-high-molecular-weight polyethylene (UHMWPE) samples containing different
concentrations of multi-walled carbon nanotubes (CNTs) - 0.5%, 0.75%, 1% and
1.5% in several instances of contact interaction with the counterpart in the case of
wet abrasive wear.

Keywords: abrasive wear, UHMWPE, carbon nanotubes, composite materials, statis-
tical analysis

1. INTRODUCTION

Abrasive wear is investigated with the device schematically represented in Figurel.
The contact system "Specimen-Rotary Disc" is placed in a seawater bath with a water
level about 3+5 mm above the level of the waterproof abrasive surface. [2,3] The ex-
periment parameters identical for all tested samples are presented in Table 1.

Table 1.
Experiment parameters
Ne Parameter Value
1 Load P=60N
2 Nominal contact area A, = 144 mm?
3 Nominal contact pressure p.= 4.17 N/cm®
4 Speed of rotation n=94 min™
5 Distance between the axis of rotation and the center of the contact R. =85 mm
6 Sliding speed of the center contact Vc=0.9m/s
7 Water-resistant abrasive surface Corundum P120
8 Ambient temperature T=23°C

w=const

Fig.1. Diagram of an apparatus for the study of the wear by friction on a surface with
fixed abrasive scheme « Thumb-disk»
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The chemical composition of sea water, which is taken from Sozopol, the Black Sea,
used in the current experimental work is presented in Table 2.

Table 2.
Chemical composition of the sea water in Black Sea
Chemical element Weight %
Oxygen (O) 85,80
Hydrogen (H) 10,67
Chlorine (CI) 2,00
Sodium (Na) 1,07
Magnesium (Mg) 0,14
Calcium (Ca) 0,045
Sulfur (S) 0,039
Potassium (K) 0,038
Bromine (Br) 0,0065
Carbon (C) 0,0035
Strontium (Sr) 0,0010
Boron (B) 0,00045
Fluorine (F) 0,00010
Silicon (Si) 0,00002

The Carbon Nanotubes used in the study are with an average diameter of 10+40 nm,
length of 1+25 um, purity by weight 93% and specific surface 150250 m?/g. In order
to improve their reinforcement properties, a surface electroless nickel plating (Ni-P)
on SiC particles in alkaline bath using two nickel salts (NiSO, and NiCl,) is con-
ducted [1]. With the described methodology and device, all materials were tested for
the same friction modes. Table 2, Table 3 and Table 4 show results respectively for
mass wear, wear rate and wear intensity, and wear-resistance of all tested samples for
different number of cycles (friction path) - N; = 940, N, - 1880, N5 = 2820, respec-
tively the friction path S; = 470, S, = 940 u S; = 1410 m. Tables 5 and 6 show results
for the absolute and relative wear-resistance of the samples for the respective number
of cycles (friction path).

Table 2.
Mass wear of the samples under a different friction path (number of cycles)
Friction time, min/number of cycles
10/N;=940 \ 20/N,=1880 \ 30/N;=2820
Ne Materials Wear path, m
470 | 940 | 1410
Mass wear, mg
1B Tufnol 289.6 341.7 428.4
2B UHMWPE-0CNTSs 150.3 216.8 288.5
3B UHMWPE-OCNTSs 203.6 230.4 243.0
4B UHMWPE-0.5CNTs 156.5 179.2 223.8
5B UHMWPE-0.75CNTs 81.3 108.6 155.4
6B UHMWPE-1.0CNTs 68.4 92.5 100.5
7B UHMWPE-1.5CNTs 209.4 216.2 222.0
8B UHMWPE-0.5Ni-CNTs 79.5 184.7 186.9
9B UHMWPE-1.0Ni-CNTs 85.7 99.4 113.1
10B UHMWPE-1.5Ni-CNTs 28.3 39.6 158.6
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Table 3.

Wear rate of the samples at different friction paths (number of cycles)

Friction time, min/number of cycles

10/N;=940 | 20/N,=1880 | 30/N3=2820
No Materials Wear path, m
470 | 940 | 1410
Wear rate, mg
1B Tufnol 29.0 17.1 14.3
2B UHMWPE-OCNTS 15.0 10.8 9.6
3B UHMWPE-OCNTs" 20.4 115 8.1
4B UHMWPE-0.5CNTs 15.7 9.0 75
5B UHMWPE-0.75CNTs 8.1 5.4 5.2
6B UHMWPE-1.0CNTs 6.8 4.6 3.4
7B UHMWPE-1.5CNTs 20.9 10.8 7.4
8B UHMWPE-0.5Ni-CNTs 8.0 9.2 6.2
9B UHMWPE-1.0Ni-CNTs 8.6 5.0 3.8
10B UHMWPE-1.5Ni-CNTs 2.8 2.0 5.3
Table 4.
Wear intensity of the specimens at different friction paths (number of cycles)
Friction time, min/number of cycles
10/N;=940 | 20/N,=1880 | 30/N5=2820
Ne Materials Wear path, m
470 | 940 | 1410
Wear intensity, m/m
1B Tufnol 3.06x 10 1.8x10° 1.51x 10®
2B UHMWPE-OCNTSs 237x10° 1.71x 10° 15x10°
3B UHMWPE-OCNTSs" 321x10° 1.81x10° 1.3x10°
4B UHMWPE-0.5CNTs 2.46x10° 1.41x10° 1.2x107°
5B UHMWPE-0.75CNTs 13x10° 0.85x10° 0.81x10°
6B UHMWPE-1.0CNTs 1.08x 10° 0.73x 10° 0.53x10°
7B UHMWPE-1.5CNTs 33x10° 1.7x 107 1.2x107°
8B UHMWPE-0.5Ni-CNTs 12x10° 1.45x10° 0.98x10°
9B UHMWPE-1.0Ni-CNTs 1.35x10° 0.78 x 10°® 0.59x 10
10B UHMWPE-1.5Ni-CNTs 0.45x10° 031x10° 0.83x10°
Table 5.
Wear-resistance of samples at different friction paths (number of cycles)
Friction time, min/number of cycles
10/N;=940 | 20/N,=1880 | 30/N;3=2820
Ne Materials Wear path, m
470 | 940 | 1410
Wear resistance, m/m
1B Tufnol 32x10° 5.6x10° 6.6x 10°
2B UHMWPE-OCNTs 42x10° 58x10° 6.7x10°
3B UHMWPE-OCNTSs" 3.1x10° 55x10° 7.6x10°
4B UHMWPE-0.5CNTs 4.1x10° 7.1x10° 8.3x10°
5B UHMWPE-0.75CNTs 7.7x10° 11.8x 10° 123x 10°
6B UHMWPE-1.0CNTs 93x10° 13.6x 10° 18.9x 10°
7B UHMWPE-1.5CNTs 3.0x10° 59x10° 8.3x10°
8B UHMWPE-0.5Ni-CNTs 83x10° 6.9x10° 102 x 10°
9B UHMWPE-1.0Ni-CNTs 7.4x10° 12.8x 10° 16.9x 10°
10B UHMWPE-1.5Ni-CNTs 222x10° 322x 10° 12.0x 10°
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Table 6.
Relative wear-resistance

Relative wear resistance R
; Influence of nanopar- . i
Ne Materials vear resistance ticles on i Comparison CL:JO|_T ha?,vn;%n
= for S = 1410 m UHMWPE UHMWPE to Tufnol wio and w/
w/o Ni w/ Ni w/o Ni w/ Ni Ni
1B Tufnol 6.6 x 10° - - Ry;=1 Ry;=1 -
2B UHMWPE-0CNTSs 6.7 x 10° - - R,;=1.02 - -
3B UHMWPE-OCNTs" 7.6x 10° R3s=1 Rss=1 R3=1.2 - -
4B UHMWPE-0.5CNTs 8.3x 105 R4’3:1.09 - R4,1:1-26 - R4’4:1
5B UHMWPE-0.75CNTs 123x 10° Rs3=1.62 - Rs1,=1.86 - -
6B | UHMWPE-1.0CNTs 18.9x 10° Rg3=2.49 - Rg1=2.86 - Rge=1
7B | UHMWPE-1.5CNTs 8.3x 10° R;5=1.09 - R;1=1.26 - R; =1
8B = UHMWPE-0.5Ni-CNTs 102x 10° - Rg3=1.34 - Rg1=1.55 | Rgs=1.23
9B | UHMWPE-1.0Ni-CNTs 169x 10° - Ry3=2.22 - R91=2.56 | Rg=0.89
10B = UHMWPE-1.5Ni-CNTs 12.0 x 10° - Ri03=1.6 - Ri01=1.8 | Ry;=1.4

2. STATISTICAL ANALYSIS OF THE OBTAINED RESULTS

The following variables are introduced [4-8]:

Variable Description Dimensions
m numerical variable: mass wear [mg]
Gamma numerical variable: wear rate [mg/min]
i numerical variable: wear intensity [micro g/m]
1 numerical variable: wear-resistance [m/micro g]
Rij CN_UH_sw numerical variable: relative wear-resistance []
Rij UH_Tf sw numerical variable: relative wear-resistance []
Material LL grouping variable: (string)
Time groupsing variable: friction time (min/cycles) (integer)
| 10/N;=940 | 20/N,=1880 | 30/N,;=2820 |
S grouping variable: friction path (integer)
| 470 | 940 | 1410 |
Ni_CN_UH grouping variable: 0 — without Ni, 1 — with Ni
Ni_UH_Tf grouping variable: 0 — without Ni, 1 — with Ni
Material _LL Material_1
grouping variable Material grouping variable
(string) (integer)
1B Tufnol 1
2B UHMWPE-OCNTSs 2
3B UHMWPE -0CNTs 3
4B UHMWRPE -0.5CNTs 4
5B UHMWPE -0.75CNTs 5
6B UHMWAPE -1.0CNTs 6
7B UHMWPE -1.5CNTs 7
8B UHMWPE -0.5Ni-CNTSs 8
9B UHMWPE -1.0Ni-CNTSs 9
10B UHMWPE -1.5Ni-CNTSs 10

Each numeric variable is described by a random variable. Each factor being investi-
gated is described by a grouping variable. Each numeric variable is considered sepa-
rately.
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One-way ANOVA: Analysis of the factor "material"

The factors are studied separately: material wt% CNTSs), number of cycles in the tests,
distance. The dependent variable is mass wear. It is necessary to establish that the fac-
tors have a response to the dependent variable. According to Table 2, the 30 obser-
vations and the 10 levels of the factor "material” are examined. The mean values with
their confidence intervals are shown in Figure 2: Number of observations: 30 and
Number of Factor Levels: 10

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for m
W ith 95% Decision Limits

UDL=252,92
CL=172,73
LDL=9254

100 [~ ]

4p

0B 1B 2B 3B 4B 5B 6B 7B 8B 9B 0B 1B 2B 3B 4B 5B 6B 7B 8B 9B
Material_LL Material_LL
Fig.2. Mean values and confidence in- Fig.3. Investigation of mean values and
tervals confidence limits

The analysis of the mean values (Figure 3) shows the influence of the factor on the
wear. Materials 1B, 10B and 6B are different from others. If data is censored and Ma-
terial 1B is removed from the examination, the other wear materials may be repre-
sented by the following graphs:

Means and 950 Percent LSD Intervals Means and 95,0 Percent LSD Intervals

300 = 400 ]
250 B s } ]
; ] 300 [ 3
200 { B [ ]
E 150 | } 3 E 200 f { { } .
100 - } % e r } { ]
E ] 100 - i I
50 - + { ]
= 3 ) L n

0B 2B 3B 4B 5B 6B B 8B 9B 0B 1B 2B 3B 4B 5B 6B 7B 8B 9B

Material_LL Material_LL

Fig.4. Average values of censored data Fig.5. Mean values with confidence limits

A response is observed with respect to material 10B. In this case, the analysis shows a
tendency towards 2B, 3B, 4B, 5B, and 6B, as well as materials 7B, 8B and 9B.

Multi-factor ANOVA: Wear rate of the test samples

The co-influence of factors: "material™ and "friction time" on the variable mass wear
Is investigated by two-factor analysis. In the one-way analysis, the influence of the
"friction time" factor is not clearly emphasized. With regard to censorship of data, the
same reasoning as the previous variable mass wear (Table 3). The wear rate is consid-
ered a random magnitude and it is necessary to determine the probability distribution.
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One-way ANOVA: Analysis of the factor ""material*"

The factors are studied separately: material (wt% CNTSs), number of test cycles, dis-
tance. The dependent variable is the wear rate. It is necessary to establish that the fac-
tors have a response to the dependent variable. According to Table 3, the 30 obser-
vations and the 10 levels of the factor "material” are examined. The mean values with
their confidence intervals are shown in Figure 6.

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for Gamma
W ith 95% Decision Limits

CL=9,72

19 LDL=220

[ H[HIH T

24 = 2uF 3
. } ] [ 1 ubL=17.23

Gamma
Mean

0B 1B 2B 3B 4B 5B 6B 7B 8 9B 0B 1B 2B 3B 4B 5B 6B 7B 8B 9B
Material_LL Material_LL
Fig.6. Mean values with confidence limits Fig.7. Analysis of the mean values

Material 1B (Tufnol) again has a substantial response to "wear rate" (Figure 6 and
Figure 7). Two trends can be noticed — materials 1B+6B and materials 7B, 8B and 9B.
Material 1B is significantly different. If the material factor is censored, the response
(influence) of the factor on the variable "wear velocity" is unclear. On the other hand,
the "friction time™ and "friction path" factors show a clear response. This is the reason
to directly switch to two-factor data analysis.

Two-way ANOVA: Intensity of wear of the samples

The joint influence of factors: "material™ and "friction time", as well as the "friction
path"” factor, on the variable "wear rate" is investigated by two-factor analysis.

Analysis of Means Plot for Gamma Means and 950 Percent LSD Intervals

W ith 95% Decision Limits
(XLE7)
25

241 ]

r 1 ubL=17.23 b 1
2 1 cL=om b ]
2 . ] LbL=220 20[ 1 { -

16 7

15F

b, 1

Mean

S5F

5 10B 1B 2B 3B 4B 5B 6B 7B 8B 9B . o= 10B 1B 2B 3B 4B 5B 6B 7B 8B 9B -
Material_LL Material_LL
Fig.8. Mean values for factor "material and Fig.9. Mean values and
their locationversus decisionboundaries confidence intervals

The "friction path™ factor study results in the same results as "friction time". Both fac-
tors are linearly dependent and as such can not be used for analysis. With regard to
censorship of data, the same reasoning as the previous variable mass wear can be
made (Table 4). The wear intensity is considered a random magnitude and it is neces-
sary to determine the probability distribution.
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Two-way ANOVA: Wear-resistance of the test speciments

The joint influence of factors "material™ and "friction time™ on the variable "wear in-
tensity" is investigated by two-factor analysis. In the one-factor analysis, the influence
of the "friction time" factor is clearly highlighted, but for the "material™ factor it is not
fulfilled. Again, there are two parallel trends in the plurality of materials. Both fac-
tors: "material™ and "friction time" affect the accidental wear intensity variable. P-
Values prove this conclusion. Once again, it can be stressed that the two "material”
and "friction times" factors, due to the correct experiment, influence the variable
"wear intensity".

3. CONCLUSION

At a nanoparticle content of 5.0 and 1.5%, a high degree of resistance is provided
when leaving non-nickel coated nanoparticles. Comparative results for the wear-re-
sistance of nanoparticulate materials with and without nickel coating are presented in
the last column of Table 6.

The dependence of the wear-resistance on the percentage of carbon nanotubes with
and without nickel coating has a very non-linear wavy character, unlike that of dry
abrasive friction. It has a pronounced maximum for both types of nanoparticles at 1%
nanoparticle content - Figure 10.

With higher carbon nanotubes, the wear-resistance decreases for both nanotubes, with
lower wear-resistance for nanoparticles without nickel coating.

Sea water

20 ]

10

(]

Wear-resistance x 10%, m/m
=
[¥)]

o

0 0,3 0,6 09 1:2 1,5
% carbon nanotubes
Fig.10. Dependence of wear resistance from the percentage of nanoparticles
for UHMWPE materials, with and without nickel coating

Figure 11and Figure 12 show diagrams of the absolute and relative wearing resistance of
all tested samples.

Clearly, we can see that most wear-resistive sample is (UHMWPE-1.0CNTs) with 1%
nanoparticles without nickel coating - 1=18.9x10°, which is 2.3 x10° greater than that
of samples with the same percentage of nanoparticles, but with nickel coating
(UHMWPE-1.0Ni-CNTS) - 1=16.9x10>.
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Fig.11. Diagram of the wear-resistance of  Fig.12. Diagram of the relative wear-re-
UHMWRPE materials with carbon nano- sistance of UHMWPE materials with
tubes with and without nickel plating for carbon nanotubes with and without nick-
N=400 el plating for N=400

Wear-resistance is a reciprocal value of variable wear intensity. The results are identi-
cal with those obtained for "wear intensityFor the influence of the factors: "material”,
"friction time" and "friction path", the following conclusions can be drawn:

e All data is used to highlight the influence of factors on samples: 1B+~10B. Ma-
terials 10B and 6B differ from others;

Analysis of Means Plot for Il
W ith 95% Decision Limits

(X 100000,)
24 -

UDL=1677819,58
CL=958333,33

20F 7 LbL=238847,08

16 .

8 L _:
$ v rl 7

rooLhlh

A p

ok ]
0B 1B 2B 3B 48 5B 6B 7B 8B 9B
Material_LL

Fig.13. Graphical representation of the mean values for the factor "material™

From the graphs presented in the statistical analysis it can be concluded that the best
results for abrasive wear during sea water lubrication exhibits sample (6B)
UHMWRPE-1.0CNTs, which fully coincides with the results obtained from the tribo-
logical tests. The presented model fully justifies the experiment under consideration.
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STATISTICAL ANALYSIS OF TRIBOLOGICAL STUDY RESULTS
OF BOUNDARY FRICTION WITH MARINE OIL OF ULTRA-HIGH-
MOLECULAR-WEIGHT POLYETHYLENE (UHMWPE), MODIFIED

WITH CARBON NANOTUBES (CNTS)

Georgiev Tz., Nikolov K., Kandeva M.

Abstract: This article deals with the statistical analysis of the results of a tribological
study of the wear-resistance of Ultra-High-Molecular-Weight Polyethylene (UHMWPE)
samples containing a different concentration of carbon nanotube additive (CNTSs):
0.5%, 0.75%, 1.0% and 1.5% in several cases of contact interaction with the counter-
body under conditions of boundary friction with marine oil.

Keywords: boundary friction, UHMWPE, carbon nanotubes, composite materials,
marine oil, statistical analysis

1. INTRODUCTION

Friction and wear in the presence of lubricants are complex processes that are highly
dependent on physico-chemical and mechanical contact interactions between the lub-
ricant environment and the surface layers of the contacting bodies.

These processes also depend on the modes of operation - load, speeds, presence of
dynamic disturbances (vibrations). In machines the contact fittings operate in different
friction modes - fluid, mixed, boundary and dry friction. None of them is in pure
form. In the time and in the spatial distribution of processes in the tribosystems the
mixed friction is most often encountered - the presence of discrete contact areas of the
microgrades, areas with the presence of a lubricating layer and areas in which touch-
ing is performed by thin lubricating layers and films. Friction friction is the heaviest
friction mode that is almost inevitable in all contact fittings in machines.

The wear test device for border friction in lubricating environment has been devel-
oped in the tribology laboratory. The functional diagram of the device is shown in
Figure 1. The tribological contact is point and occurs between the test specimen 2 and
a spherical indentor (counter) 1 with a diameter of 5 mm fixed in the holder 3. The
indentor 1 rotates about its vertical axis at a constant angular velocity.

The Carbon Nanotubes used in the study are with an average diameter of 10+40 nm,
length of 1+25 um, purity by weight 93% and specific surface 150+250 m?/g. In order
to improve their reinforcement properties, a surface electroless nickel plating (Ni-P)
on SiC particles in alkaline bath using two nickel salts (NiSO, and NiCl,) is con-
ducted. [1]
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Fig.1 Diagram of device for examination of wear in border friction in lubricating en-
vironment: 1-spherical indentor; 2-sample; 3-holder of the indentor; 4-belt drive;
5-electric motor; 6-housing; 7-bathtub; 8-lever loading system; 9-base of the hous-
ing; 10-button for switching on the electric motor.

The drive of the holder 3, respectively, of the indentor 1, is effected by an electric mo-
tor 5 and a belt drive 4. Changing the angular velocity is done by changing the ro-
tational speed using the belt drive 4. In this way, the desired speed of sliding friction
can be set. The device allows variation in rotation speeds up to 4000 rpm. The sample
2 is placed horizontally in the bath 7 with lubricant, in this case marine oil. The nor-
mal load P in the center of the indentor is set by weights with lever system 8. The de-
vice works in the following sequence: The test specimen 1 is fastened to the holder 3
and the counter body is placed and fixed horizontally to the holder in the bath 7. Load
P is set by the weight of the arm 8 from the lever system. In the tub 7, lubricant is
placed at a level up to 5 mm above the level of the counter body 2. The temperature of
the lubricant is measured. The desired rotation speed is set with the belt drive 4. With
the button 10 the electric motor is switched on and the time of friction or speed coun-
ter is measured with a stopwatch. After a certain friction time the motor is stopped
and the temperature of the lubricant material in the tub is measured again. The meth-
odology for the study of wear is based on measuring the maximum value of the linear
wear CD=h after a certain friction time and calculation of the volumetric wear V
(Figure 2).

Fig.2. Maximum linear wear of a spherical indentor sample

In the present study, ship oil with the abbreviation M1 (MC 20) is used. The study
was conducted under the experimental conditions presented in Table 1.
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Table 1.

Experiment Parameters

Ne Parameter Value

1 Load P=20N

2 Nominal contact area A, = 144 mm*
3 Nominal contact pressure p.= 13,89 N/cm®
4 Speed of rotation n =750 min™
5 Friction time t=20 min

6 Ambient temperature T=23°C

7 Initial oil temperature Ty = 23°C

Table 2, Table 3 and Table 4 show results for linear and volumetric wear, speed and
wear intensity, absolute and relative wear-resistance of the tested materials when lu-
bricated with oil M1, determined according to the described methodology.

Table 2.

Linear and volumetric wear when lubricating with oil M1

Linear Wear, pm Volumetri
Ne MATERIALS - = = - M = - olu ;‘rrr:g‘f wear,
1C Tufnol 152 160 158 150 165 157 190x 107
2C UHMWPE-OCNTS 110 115 118 120 122 117 105x 107
3C UHMWPE-OCNTS” 75 80 82 70 84 78.2 47x10°
4C UHMWPE-0.5CNTSs 80 85 90 92 87 86.2 57x10°
5C UHMWPE-0.75CNTs 102 95 110 98 105 102 81x 107
6C UHMWPE-1.0CNTSs 105 100 92 95 90 96.4 71x10°
7C UHMWPE-1.5CNTs 54 50 65 58 70 59.4 27x10°
8C UHMWPE-0.5Ni-CNTs 135 140 142 145 130 138.4 147x10°
9C UHMWPE-1.0Ni-CNTs 110 115 105 120 125 115 102x 107
10C | UHMWPE-1.5Ni-CNTs 65 70 72 68 75 70 38x10°
Table 3.
Speed, intensity and wear resistance when lubricating with oil M1
No Materials Wear R_ate Wear gntensity Wear-resistar;ce,
pm/min mm?®/cycle cycles/mm
1C Tufnol 7.85 127x10° 7.9 x 10*
2C UHMWPE-OCNTS 5.85 0.7x10° 14.3 x 10*
3C UHMWPE-OCNTSs" 3901 03x10° 33.3x10*
4C UHMWPE-0.5CNTs 4.31 0.38x 10® 26.3 x 10*
5C UHMWPE-0.75CNTs 5.1 0.5x10° 20 x 10*
6C UHMWPE-1.0CNTs 4.82 04x10° 25x 10*
7C UHMW®PE-1.5CNTs 2.97 0.18x 10° 55.6x 10*
8C UHMWPE-0.5Ni-CNTs 6.92 0.98 x 10° 10.2 x 10*
9C UHMWPE-1.0Ni-CNTs 5.75 0.68 x 10° 14.7 x 10*
10C UHMWPE-1.5Ni-CNTs 3.75 0.25x10° 40 x 10*
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Table 4.

Relative wear-resistance when lubricating with oil M1

Relative wear-resistance R;;
Influence of nanoparti- Comparison of Compari-
Wear-re- cleson UHMWPE and Tufnol son of
No MATERIALS sistance UHMWPE UHMWPE
cyclessmm?® without Ni
without Ni with Ni without Ni and with
Ni
1C Tufnol 7.9 x 10° - - Ry=1 -
2C UHMWPE-O0CNTSs 143x 10 - - R,:=1.8 -
3C UHMWPE-OCNTs” 33.3x 10" Rss=1 Rss=1 R31=4.2 -
4C UHMWPE-0.5CNTs 26.3 x 10° R,5=0.8 - R,;=3.3 Ry4=1
5C UHMWPE-0.75CNTs 20.0 x 10° Rs3=0.6 - Rs,=2.5 -
6C UHMWPE-1.0CNTs 25.0x 10° Rs3=0.8 - Re1=3.2 Res=1
7C UHMWPE-1.5CNTs 55.6 x 104 R7’3:l.7 - R7,1:7-0 R7y7:1
8C UHMWPE-0.5Ni-CNTs 10.2 x 10 - Rg3=0.3 - Rg,=1.3 Rg4=0.4
9C UHMWAPE-1.0Ni-CNTs 14.7 x 104 - Rgv3:O.4 - R9’1:1.9 RQVG:O.G
10C | UHMWPE-1.5Ni-CNTs 40.0 x 10 - Rip3=1.2 - Rip1=5.1 Ri07=0.7
2. STATISTICAL ANALYSIS OF THE OBTAINED RESULTS
The following variables are introduced [2+6]:
Variable Description Dimension
mh numerical variable: linear wear [m]
Vh numerical variable: volumetric wear [mm3]
Gammah numerical variable: wear rate [mg/min]
iv numerical variable: intensity of volumetric wear [mm?3/N]
Ih numerical variable: wear-resistance [m/micro g]
Rij_CN_UH_smo numerical variable: relative wear-resistance []
Rij_UH_Tf_smo numerical variable: relative wear-resistance []
N Number of cycless []
Measurement grouping variable for linear wear on measurements (integer)
| h1- | h22 | h33 | h44 | h55 |
Ni_ CN_UH grouping variable: 0 — without Ni, 1 — with Ni
Ni_UH_Tf grouping variable: 0 — without Ni, 1 — with Ni
Material . Material_1
. . . Material . . .
grouping variable (string) grouping variable (integer)
1C Tufnol 1
2C UHMWPE-OCNTs 2
3C UHMWPE-OCNTS’ 3
4C UHMWPE-0.5CNTs 4
5C UHMWPE-0.75CNTs 5
6C UHMWPE-1.0CNTs 6
7C UHMWPE-1.5CNTs 7
8C UHMWPE-0.5N-CNTs 8
9C UHMWPE-1.0Ni-CNTs 9
10C UHMWPE-1.5Ni-CNTs 10

Each experimental variable is described by a random variable. Each factor being in-
vestigated is described by a grouping variable. Each numeric variable is considered

separately.
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One-way ANOVA: Analysis of the factor "material"

The factors are studied separately: material (wt% CNTS), linear wear measurements
(hi). The dependent variable is linear wear. It is necessary to establish that the factors
have a response to the dependent variable. According to Table 2, the 50 observations
and the 10 levels of the factor "material™ are examined. The mean values with their
confidence intervals are shown in Figure 3: Number of observations: 50 (all meas-
urements of linear wear) and Number of Factor Levels: 10.

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for mh
W ith 95% Decision Limits

7o 7] 159 [ 3
[ I h [ ] uUDL=109,56
150 - L 4 CL=102,02
L I ] 139 | - LDL=9448
130 F . [ ]
Bwp S | =
ok L3 E 9[- | 1 ]
! 7 1 ] i L ]
ofF 1 3 nf ]
L I 1 L 4
SOE = 59 -
10C 1C 2C 3C 4 5C 6C 7C 8 9oC 10C 1C 2C 3C 4 5C 6C 7C 8C 9C
Material Material
Fig.3. Mean values and confidence in-  Fig.4. Investigation of mean values and con-
tervals fidence limits

The analysis of the mean values (Figure 4) shows the influence of the factor on the
linear wear. Materials 1C, 7C, 8C and 10C are distinguished from the rest. If the data
is censored, the material 1C of the examination is dropped, the other materials in
terms of wear can be represented by the following graph (Figure 5). Again, there is a
more detailed response to the rest of the materials.

Analysis of Means Plot for mh Means and 950 Percent LSD Intervals
W ith 95% Decision Limits
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Fig.5. Mean values and decision boundaries Fig.6. Mean values with
for deciding when an essential response to confidence
the "material” on the dependent variable limits

Multi-factor ANOVA

The co-influence of factors: "material™ and "number of measurements” on variable
mass wear is examined by two-factor analysis. In the single factor analysis, the impact
of the "number of measurements" factor is not clearly highlighted.
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One-way ANOVA: Analysis of the factor ""material*"

The factors are studied separately: material (wt% CNTSs), linear wear measurements
(hi). The dependent variable is volumetric wear. It is necessary to establish that the
factors have a response to the dependent variable. According to Table 2, the 50 obser-
vations and the 10 levels of the factor "material™ are examined. The mean values with
confidence intervals are shown in Figure 7: Number of observations: 50 (all meas-
urements of linear wear) and Number of Factor Levels: 10.

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for Vh
W ith 95% Decision Limits
2r ¥ ] %2r ] UDL=010
F E [ CL=0,09
016 i ] 016 [- -1 LbL=0,07
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o - i . = 08 F & ] ]
: Pl P B i
o : ; 1 e :
ok ] oL ]
10C I1C 2C 3C 4C 5C 6C 7C 8 9C 10C 1C 2C 3C 4C 5C 6C 7C 8C 9C
Material Material
Fig.7 Mean values and confidence inter- Fig.8 Investigation of mean values and
vals confidence limits

The analysis of the mean values (Figure 8) shows the influence of the factor on the
linear wear. Material 5C has no response to volume wear. If data is censored, material
1C is removed from the examination, the other wear materials can be represented by
the following graph (Figure 9). Again, there is a more detailed response to the rest of
the materials.

Analysis of Means Plot for Vh Means and 95,0 Percent LSD Intervals
W ith 95% Decision Limits
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0c  2C 3C 4C 5C 6C 7c 8C 9C 10C 1C 2C 3C 4 5C 6C 7C 8 9oC
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Fig.9. Mean values and decision bounda- Fig.10. Mean values
ries for an essential response of the factor with confidence
"material” on the dependent variable limits

Sample wear rate

Data from Table 3 are considered. Wear rate data is restored for measurements: h; h,,
hs, hs, hs. The wear rate is considered a random variable and it is necessary to deter-
mine the probability distribution.
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One-way ANOVA: Analysis of the factor ""material*

The factors are studied separately: material (wt% CNTS), number of measurements h;,
h,, hs, hy, hs. The dependent variable is the wear rate. It is necessary to establish that
the factors have a response to the dependent variable. According to Table 3 the 50 ob-
servations and the 10 levels of the factor "material” are examined. The mean values
with their confidence intervals are shown in Figure 11.

Means and 95,0 Percent LSD Intervals Analysis of Means Plot for Gammah
W ith 95% Decision Limits
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Fig.11. Meanvalueswith confidence limits Fig.12. Analysis of the mean values

Materials 1C (Tufnol), 3C, 7C, 8C and 10C again have a substantial response in terms
of "wear rate" (Figure 12). Factor "material” has a significant response (influence) on
the variable "wear rate". Factor "Measurements™ has no corresponding response to the
dependent variable. This is the reason to directly switch to two-factor data analysis.

Two-factor ANOVA: Intensity of wear of the samples

The joint influence of factors: "material™ and "number of measurements™ on the vari-
able "wear rate" is investigated by two-factor analysis. In the single factor analysis,
the impact of the "number of measurements” factor is not clearly highlighted.

Means and 950 Percent LSD Intervals Means and 95,0 Percent LSD Intervals

(X 0,000001)
87F ] L 7
- I - al 3 ]
. 6,7 { - ol i i
§ 57 1 } B = E3 3
8 Iy ol .
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10C 1C 2C 3C 4 5C 6C 7C 8C 9C 10C 1C 2C 3C 4 5C 6C 7C 8C 9oC
Material Material
Fig.13. Mean values and confidence lim-  Fig.14. Mean values and confidence inter-
its for factor "material* vals

The data is presented in Table 3. The data is reconstructed on the measurements hy hy,
hs, hs, hs. The wear intensity is considered a random magnitude and it is necessary to
determine the probability distribution.
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Two-factor ANOVA: Wear-resistance of the samples

The co-influence of factors: "material” and "number of defects" on the variable "wear
intensity" is examined by two-factor analysis. In the single factor analysis, the influ-
ence of the number of cycles factor is not clearly highlighted. The censored values are
used.

Analysis of Means Plot for iV Analysis of Means Plot for |h
W ith 95% Decision Limits W ith 95% Decision Limits
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Fig.15. Analysis of the response of mean Fig.16. A graphical representation of the
values mean values for the "material™

Wear-resistance is a reciprocal value of variable wear intensity. The results are identi-
cal with those obtained for "wear intensity".

3. CONCLUSION

Figure 17 shows the graphical dependence of the sample's volumetric wear on the
percentage of nickel-coated carbon nanotubes.

The dependence of wear on the percentage of nickel-coated carbon nanotubes has a
strong non-linear character with a pronounced maximum in UHMWPE, doped with
0.5% carbon nanotubes with nickel coating. Nano-coated nanotubes with less nickel
coating have less wear for each nanotubes.

200 -

Lubrication with

marine oil M1 —4&— UHMWPE-CNTs

=
D
o

—#- UHMWPE-Ni-CNTs

=
N
(=]

Wear x10-3, mm?
[¢2]
=]

40

0 T
0 0,3 0,6 0,9 1,2 1,5
% Carbon Nanotubes (CNTs)
Fig.17 Dependence of the volumetric wear of the specimens
by the percentage of carbon nanotubes with and without nickel
coating upon lubrication with oil M1

Figure 18 and Figure 19 show diagrams of absolute and relative wear-resistance of
UHMWPE materials with carbon nanotubes with and without nickel coating.
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The relative wear-resistance of Figure 19 is shown in a reference sample UHMWPE
without nanoparticles, i.e. sample Ne3C.

70 2
1 O UHMWPE-CNTs [l UHMWPE-Ni-CNTs 0 UHMWPE-CNTs [ UHMWPE-Ni-CNTs
- 60 __________________________________________________ 55,6 _______ 8
2 % 1'5 .........................................................
% 50 Fmmimm e 2
g 0 f:
5 40 : 777373;3777 T i I 1 ..... 1 .................................................
-% 30 domoe[ Jormimimn 26325 § E 038 08
i H S | B RIS [L -------- ...
0 - 0
UHMWPE UHMWPE-0,5 UHMWPE-1,0 UHMWPE-1,5 UHMWPE UHMWPE-0,5 UHMWPE-1,0 UHMWPE-1,5
Fig.18. Diagram of wear-resistance of Fig.19. Diagram of the relative wear-re-
UHMWPE materials with carbon nano- sistance of UHMWPE materials with
tubes with and without nickel coating up-  carbon nanotubes with and without nickel
on lubrication with oil M1 coating upon lubrication with oil M1

It can be seen from Figure 19 that all samples doped without nickel-plated nanotubes
have a higher wear resistance than those with nickel coated nanotubes. The presence
of nickel is likely to reduce cohesive strength, resulting in lower frictional tensile
stresses and increased wear. The highest wear-resistance has the sample UHMWPE-
1,5CNTs doped with 1.5% carbon nanotubes 1=55,6x10* cycles/mm?, which is about
1.4 times higher than the wearing resistance of a sample UHMWPE-1.5Ni-CNTs
doped with 1.5% nickel-plated nanotubes.

For the influence of factors: "material™ and "number of measurements", the following
conclusions can be drawn:

e Working with actual reconstructed data to highlight the impact of factors on
samples: 1C+10C;

Of the presented graphs of statistical analysis it can be concluded that the best results
for wear in boundary friction with marine oil exhibits sample (7C) UHMWFPE-
1.5CNTs, which fully coincides with the results obtained from the tribological tests.
The presented model fully justifies the experiment under consideration.
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STATISTICAL ANALYSIS OF TRIBOLOGICAL STUDY RESULTS OF
THE COEFFICIENT OF FRICTION (DRY AND WET) OF ULTRA-HIGH-
MOLECULAR-WEIGHT POLYETHYLENE (UHMWPE), MODIFIED
WITH CARBON NANOTUBES (CNTS)

Georgiev Tz., Nikolov K., Kandeva M.

Abstract: This article deal with the statistical analysis of the coefficient of friction of
new composites based on UHMWPE with the addition of different percentages of
carbon nanotubes (CNTs) - 0.5%, 0.75%, 1.0% and 1.5%. UHMWPE samples with
carbon nanotubes, samples of 0.5%, 0.75%, 1.0% and 1.5% carbon nanotubes
(UHMWPE-CNTSs) and samples with the same carbon nanotube content were made,
but with carbon nanotubes subjected to Electroless Nickel Composite Coating with
nanoparticles of SiC (UHMWPE-NICNTSs).

Keywords: tribology, friction, UHMWPE, carbon nanotubes, composite materials,
statistical analysis

1. INTRODUCTION

The main priority of tribology as interdisciplinary science and technology is to in-
crease the energy efficiency and reliability of machines. It is known that 30% of en-
ergy losses in the world are due to friction and 80% of failures in machines belong to
friction wear [1+10]. One of the methods to improve the mechanical and tribological
characteristics of UHMWPE is to introduce into the volume of nano-sized particles of
different shapes, sizes, concentration and nature [11+15]. Determination of the kinetic
coefficient of friction in sliding is performed with the "thumb-disc" device (Figure 1).

_/
w=const,

Fig.1. "Thumb-disk" device for determining the kinetic coefficient of sliding friction

The thumb is the test specimen and the rotating disc is a high-alloy steel plate of
hardness HRC=56,9 and roughness Ra=2.35 um. The friction force T is measured
with a dynamometer attached to the sample holder and located on the tangent of the
friction trace in the direction opposite to the movement of the disc. The friction force
T is measured with an accuracy of 0.1 N at a set load P and the same friction time
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(friction path). The friction force for all samples is determined by the same friction
modes - sliding velocity, load, ambient temperature. The kinetic coefficient of friction
Is calculated according to the law of Leonardo-Amonton by the formula:

u=- @
where P is the normal load on the sample. In the present study, experimental results
were obtained for the coefficient of friction at four load values for all tested samples
under friction conditions without lubricant (dry friction) and for sea water lubrication.
With the described methodology and device (Figure 1) the kinetic frictional forces
were measured for the tested 10 types of samples at loads P;=60 N; P,=80 N;
P;=100N; P,=120 N, rotation speed n=0.94 min™* and ambient temperature 24°C and
the friction coefficients using formula (1) are calculated. The chemical composition of
sea water, which is taken from Sozopol, the Black Sea, used in the current experi-
mental work is presented in Table 1.

Table 1.
Chemical composition of the sea water in Black Sea
Chemical element Weight %
Oxygen (O) 85,80
Hydrogen (H) 10,67
Chlorine (CI) 2,00
Sodium (Na) 1,07
Magnesium (Mg) 0,14
Calcium (Ca) 0,045
Sulfur (S) 0,039
Potassium (K) 0,038
Bromine (Br) 0,0065
Carbon (C) 0,0035
Strontium (Sr) 0,0010
Boron (B) 0,00045
Fluorine (F) 0,00010
Silicon (Si) 0,00002
The results are presented in Tables 2 (dry) and 3 (wet).
Table 2.
Friction force and coefficient of friction at different normal loads
LOAD, P [N]
Ne MATERIALS P, = 60 P, =80 P; = 100 P, =120
Tu, [N] n T2, [N] n Ts, [N] n T4, [N] n
1 Tufnol 14 0.23 17 0.21 21 0.21 25 0.21
2 UHMWPE-0CNTs 10 0.17 11 0.13 14 0.14 19 0.16
3 UHMWPE-OCNTs 10 0.17 13 0.16 21 0.21 25 0.21
4 UHMWPE-0.5CNTs 11 0.18 15 0.19 18 0.18 21 0.18
5 UHMWPE-0.75CNTs 14 0.23 15 0.19 17 0.17 20 0.17
6 UHMWPE-1.0CNTs 10 0.17 12 0.15 12 0.12 12 0.10
7 UHMWPE-1.5CNTs 9 0.15 11 0.13 12 012 | 125 | 0.0
8 | UHMWPE-0.5Ni-CNTs 12 0.20 14 0.17 17 0.17 19 0.16
9 | UHMWPE-1.0Ni-CNTs 23 0.38 26 0.33 25 0.25 27 0.23
10 | UHMWPE-15Ni-CNTs 14 0.23 185 0.23 20 0.20 24 0.20

In Table 3 are presented the results of the friction force and friction coefficient under
boundary lubrication with sea water in all samples at a load R=60, 80, 100 and 120 N.
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Table 3.
Force and coefficient of friction at boundary lubrication with sea water

LOAD, P [N]
Ne MATERIALS P, =60 P, =80 P; = 100 P, =120
Tli [N] n T21 [N] n T31 [N] | T4, [N] p
1 Tufnol 6 0.10 7 0.09 8 0.08 9 0.08
2 UHMWPE 8 0.13 9 0.11 8 0.08 9 0.08
3 UHMWPE-0 CNTs* 7 0.12 6 0.08 8 0.08 9 0.08
4 UHMWPE-0.5CNTs 8 0.13 9 0.09 11 0.11 13 0.10
5 UHMWPE-0.75CNTs 3 0.05 4 0.05 5 0.05 5 0.04
6 UHMWPE-1.0CNTs 4 0.07 6 0.08 6 0.06 6 0.05
7 UHMWPE-1.5CNTs 5 0.08 7 0.09 6 0.06 7 0.06
8 UHMWPE-0.5Ni-CNTs 8 0.13 8 0.10 7 0.07 9 0.08
9 UHMWPE-1.0Ni-CNTs 8 0.13 9 0.11 9 0.09 8 0.07
10 | UHMWPE-1.5Ni-CNTs 7 0.12 5 0.06 5 0.05 8 0.07
2. STATISTICAL ANALYSIS OF THE OBTAINED RESULTS
The following variables are introduced [16+20]::
Variable Description Dimension
Mu coefficient of friction (COF) []
P normal load [N]
TF friction force [N]
Material . Material_1
. . . Materials . L
grouping variable (string) grouping variable (integer)
1D Tufnol 1
2D UHMWPE-OCNTs 2
3D UHMWPE-OCNTs’ 3
4D UHMWPE-0.5CNTSs 4
5D UHMWPE-0.75CNTs 5
6D UHMWPE-1.0CNTs 6
7D UHMWPE-1.5CNTs 7
8D UHMWPE-0.5Ni-CNTs 8
9D UHMWPE-1.0Ni-CNTs 9
10D UHMWPE-15Ni-CNTs 10

Each numeric variable is described by a random variable. Each factor being investi-
gated is described by a grouping variable. Each numeric variable is considered sepa-
rately.

One-way ANOVA: Coefficient of dry friction and analysis of the factor "‘mate-
rial*’

The factors are studied separately: material (wt% CNTSs), normal load. The dependent
variable is the coefficient of dry friction. It is necessary to establish that the factors
have a response to the dependent variable. According to Table 2, the 40 observations
and the 10 levels of the material factor are examined. The mean values with their con-
fidence intervals are shown on Fig.6: number of observations: 40 and number of fac-
tor levels: 10

A response is observed with respect to material 9D. In this case, the analysis shows a
trend with respect to the other materials. The analysis of the mean values (Figure 3)
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shows the influence of the factor on the coefficient of friction. Material 9D is distin-
guished from the rest (Figures 2 and Figure 3).

Means and 950 Percent LSD Intervals Analysis of Means Plot for Mu
W ith 95% Decision Limits

034r N 03 B
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Material Material
Fig.2. Mean values and confidence Fig.3. Investigation of mean values and
intervals confidence limits

If data is censored and material 9D is dropped from the examination, the remaining
materials with respect to the coefficient of friction can be represented by the follow-
ing graph (Figure 4):

Analysis of Means Plot for Mu
W ith 95% Decision Limits

022 - 1
[ UDL=0,20
L CL=0,18

02 1 LDL=0,15

018 — ] i l —

0,16 [~

Mean
—
1

014 - ]

012 & -
10D 1D 2D 3D 4D 5D 6D 7D 8D
Material

Fig.4. Mean values of censored data

Again there is a response to the other materials. In this case, the analysis shows a ten-
dency towards 7B, 8B, as well as materials 10B, 1B.

Multi-factor ANOVA: Friction force when investigating the friction coefficient

The co-influence of factors: "material” and "normal load" on the variable coefficient
of friction is examined by a two-factor analysis. In the single factor analysis the influ-
ence of the "normal load" factor is not clearly emphasized. The table of average val-
ues is illustrated in the following graphs.

With respect to censorship of data, the same reasoning as the previous variable dry
friction coefficient (Table 2) can be carried out. The friction force is considered a ran-
dom magnitude and it is necessary to determine the probability distribution.

One-way ANOVA: Analysis of the factor ""material®

The factors are studied separately: material (wt% CNTSs) and normal load test. The
dependent variable is the friction force. It is necessary to establish that the factors
have a response to the dependent variable. According to Table 2, the 40 observations
and the 10 levels of the factor “material” are examined. The mean values with their
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confidence intervals are shown in the following figure (Figure 7). Material 9D differs
from the rest.
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One-way ANOVA: Analysis of the factor ""material*"

The factors are studied separately: material (wt% CNTSs), normal load. The dependent
variable is the coefficient of friction at sea water boundary lubrication. It is necessary
to establish that the factors have a response to the dependent variable. According to
Table 3, the 40 observations and the 10 levels of the material factor were examined.
The average values with their confidence intervals are shown in the following figure
(Figure 9): number of observations: 40 and number of factor levels: 10

Means and 950 Percent LSD Intervals
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Fig.9. Mean values and confidence intervals
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A response is observed with respect to material 5D. In this case, the analysis shows
two trends with respect to the other materials. The analysis of the mean values (Figure
11) shows the influence of the factor on the coefficient of friction.

Analysis of Means Plot for Mu Analysis of Means Plot for Mu
W ith 95% Decision Limits W ith 95% Decision Limits
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Fig.10. Investigation of mean values and Fig.11. Mean values of censored
confidence limits data

Material 5D differs from the rest of Figure 9. If data is censored, material 5D is
dropped from the examination, the remaining materials with respect to the coefficient
of friction can be represented by the following graph (Figure 11). There is no re-
sponse to other materials. The trend in the form of two parallel trends is clearly shown
in the figure.

Multi-factor ANOVA: Friction force for friction coefficient analysis at sea water
boundary lubrication

The joint influence of factors: "material and "normal load" on the variable coefficient
of friction is examined by a two-factor analysis. In the single factor analysis, the im-
pact of the "normal load" factor is not clearly highlighted.

Means and 95,0 Percent LSD Intervals Means and 950 Percent LSD Intervals
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Fig.12. Mean values with confidence Fig.13. Mean values with confidence
limits limits

With regard to censorship of data, the same reasoning as the previous variable coeffi-
cient of dry friction (Table 2) can be carried out. The friction force is considered a
random magnitude and it is necessary to determine the probability distribution.
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One-way ANOVA: Analysis of the factor ""material™

The factors are studied separately: material (wt% CNTSs) and normal test load. The
dependent variable is the friction force. It is necessary to establish that the factors
have a response to the dependent variable. According to Table 2, the 40 observations
and the 10 levels of the material factor were examined. Average values with their con-
fidence intervals are shown in the following figure (Figure 14). Materials 4D and 5D
are different from others.

Analysis of Means Plot for TF Analysis of Means Plot for TF
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Fig.14. Analysis of Fig.15. Mean values for "material™ factor
the mean and their location versus decision
values boundaries

If the factor "material 5D" is censored, the influence of the factor on the variable
"friction force" is distinct - materials 4D, 6D.

Two-factor ANOVA

The co-influence of factors: "material” and "normal load" on the variable "friction
force" is investigated by two-factor analysis. The Table of Dispersion Analysis shows
the simultaneous impact of both factors.

3. CONCLUSION
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It can be seen from the diagrams in Figures 16, 17, 18 and Figure 19 that with the in-
crease in the load on non-nanoparticulate materials the coefficient increases with in-
creasing load. This is explained by an increase in the friction adhesion component as a
result of an increase in the number of contact spots and the actual contact area at high
contact pressure. With a low nanoparticle content of 0.5% without and with nickel
coating, the friction coefficient has a persistent character, i.e. it has almost identical
values for different loads, but its value is greater for nanoparticulate nickel-plated ma-
terials. With a nanoparticle content of 1% and 1.5%, the friction coefficient decreases
with increasing the normal load. This is probably due to the increase of the de-
formation component and the reduction of the friction adhesion component by in-
creasing the number of contact spots and the actual contact area at high contact pres-
sure respectively.

From the graphs presented in the statistical analysis, it can be concluded that the best
results for a non-lubricating surface friction coefficient (dry friction) exhibit samples
(6D) UHMWPE-1.0CNTs and (7D) UHMWPE-1.5CNTs, which completely matches
the results of tribological research.

From the graphs presented in the statistical analysis, it can be concluded that the best
results for the coefficient of friction at sea water boundary lubrication exhibit samples
(6D) UHMWPE-1.0CNTs and (10D) UHMWPE-1.5Ni-CNTs, which completely co-
incides with the results obtained from the tribological tests.
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YIIPABJIEHUE HA TIHEBMATHUYEH U3ITbJIHUTEJIEH
MEXAHUM3BM B IMHEMHATA OBJIACT HA PABOTA

bopuc I'pacuanu

Pe3wome: B pabomama ce npednazam cucmemu 3a ynpagienue 8 Juneunama ooracm
Ha paboma Ha pomayuoHeH NHeMamuyer UsNnvIHumenNeH Mexanusvm. 3a dokaseane
Ha mexuHume Kayecmeda e npogedeH CpasHumeleH aHaiu3 Ha CUHmMesupaHume cucme-
mu. Mooenupanu u CumMyiayuoOHHO U3CE08AHU €A, KAMO € HANpaseHa OYeHKd Ha Hsl-
KOU om noxazamenume 3a yCmMou4ugoCm.

Kntouoeu oymu: nnesmamuuen usnviHumeneH Mexausvm, 3anac no Mooy, 3anac no
gasza, bvp3o0eticmeaue

CONTROL OF ROTARY PNEUMATIC ACTUATOR
IN THE LINEAR AREA OF WORK

Boris Grasiani

Abstract: In the work is proposed control systems in the linear area of the rotary
pneumatic actuator. To prove their qualities, a comparative analysis of the synthe-
sized systems was modeled and simulated, and some of the stability indicators were
evaluated.

Key words: rotary pneumatic actuator, gain margin, phase margin, quick response

1. BBBEJIEHHUE

B nmuteparypata ca u3BectHu [1-+14],[16+20], xnacuuecku cuctemu 3a ympaBicHHE.
TsxHara cTpykTypa € mnokazaHa Ha ¢ur.l. Pasriaeganure B HacTosmara pa3paboTka
CUCTEMHU 3a YINpaBJIEHUE C€ pa3iinyaBaT MO M3MOJ3BaHUS 3aKOH 3a yrpasieHue. U3-
TOJI3BAHU ca CJIEAHUTE 03HaueHus R(p) - perynarop, 4(p) - poTalMOHEH MHEBMATH-
YeH U3IbIHUTENEH Mexanu3bM (PTITMM), y° - BXOJEH curHa, y - U3XOAEH CUTHA, &
- TpelIKaTa B cucTeMara.

y’ (p) Cg(p) 00 e y(p)

®dur.1.
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B mureparypara [1,2,3,4,5,16,17,18,19] ca no3natu paznuvyam MeTOaM 3a HACTPOIHKaA Ha
KJIACHYECKH peryiaropu: mbpeu u Bropu meron Ha Ziegler-Nichols, Astrom-Hégglund,
rpado-aHATUTHYEH METO/, Ype3 MO3UIIMOHUPAHE HA HYJIUTE U MOJIFOCUTE.

B nacrosimata pazpaboTka € uzdpan rpado-aHaIUTHYEH METO/I, Ype3 MO3UIIMOHUPAHE
Ha HYJUTE U MOJIOCUTE MPU KPUTEPUM - allepUOJMUCH MPEXOJEH MpoIec. Xoaorpa-
¢bbT Ha Kopenwute [2,3,4,5,9,10,11,13,14,16] naBa HarmemHa mpejacraBa 3a KOPEHHTE Ha
3aTBOpEHAaTa CHUCTeMa, Ype3 BPb3KaTa UM C OIEHKHUTE Ha KauyeCTBOTO MOXKE Jla CEe W3-
BBPIIY aHAJIN3 HA JWHAMHUKATa Ha CUCTeMa 3a aBToMaTH4HO yrpasieHue (CAY).

3a 51a e ycToiurBa 3aTBOPEHATA CUCTEMA, € HEOOXO0MMO J1a ce n3bepe KoeuImeHThT
Ha peryiaropa fa ObJe Mmo-MarbK OT TpaHMYHATA CTOMHOCT Ha KoeduimenTta k, <k,

IIpu KOWTO Ce TY6I/I YCTOfI‘lI/IBOCT U KOPCHHUTC IIC Ca PA3IOJOKCHU B IACHATA IIOJIY-
pPaBHHHA Ha KOMIIUICKCHATA KOOPAWHATHA CUCTEMA.

3a da CC OorpaHu4dar KoJIcOaHMATa Ha cucreMara, TpH6Ba Ja CC 1/136epe TakaBa CTOM-
HOCT 3a kR, Y€ KOPCHUTEC [a Ca Pa3lOJOKCHHU B JIABATa IIOJTypaBHHUHA KOMIIIICKCHATA

KOOpJMHATHA CUCTEMA.
XoporpadybT Ha KOPEHUTE MOXKE JIa CE CTPOU B 3aBUCHMOCT OT IMPOM3BOJICH Mapame-
Tbp Ha CAY (koe(HLHEeHT Ha MPONOPLUUOHAIHOCT, BPEMEKOHCTAaHTa U T.H.). Torasa
xonorpadbT JIECHO C€ M3IOJ3Ba 32 0OOOCHOBAH M300p Ha CHOTBETHHUS IMapaMeThP.
OOMKHOBEHO KaTo mapameTbp ce u30upa oOlUAT KOePUIIMEHT Ha MpONOpLHUOHAN-
HOCT Ha cuctemara. CboOpakeHHsITa 32 TOBA OT TJIeJJHA TOYKa 3a CHHTE3a ca: bPBO-
3a10TO KOS(UIIMEHTHT HA MPOMOPIIMOHATHOCT OKa3Ba CUIIHO BIIUSHHE BbPXY CBOIC-
TBaTa Ha CUCTEMara U TOYHOCTTA M B YCTAaHOBEH PEXHUM, YCTOMYMBOCT, Kaue€CTBO Ha
MPEXOJIHUTE MPOIIECH; BTOPO - TOM MOXke /1a ObJie MPOMEHSH (HACTpOiiBaH) B IIUPOKU
TpaHUIIN.
N360pbT Ha KOSHUIIMEHT HA MPOTOPIIMOHATHOCT MOXKE Ja C€ TPETUpa U KaTto u300p
Ha MapamMeTbpa Ha nponopiuoHaneH P perynarop. [loHskora mo xonorpaga Ha Kope-
HUTE MOrar Jia ce u3depaT U JpYyrd mapaMeTpu, OCBEH KaTO CHHTE3 Ha KOPUTHPAIIO0
3BEHO MOXKE€ Jla C€ TpeTHpa M KaTo M300p Ha JIBa mapameTbpa 3a MPOMOPIHOHAIHO-
mudepennaned PD peryaarop.
AKO 9pe3 mapaMeTpUYHHUS CHHTE3 HE MOTaT Jia Ce yIOBJICTBOPIT U3UCKBAHUATA 3a Ka-
YeCTBO HA CUCTEMAaTa, C€ ThPCH PEUICHHE Ha 3a/1adaTa ype3 JMHAMHYHA KOMIICHCAIIHSI
- 10o0aBsHE HA KOPUTHPAIIO 3BEHO (HYJIH M TMOJIIOCH) KbM TpelaBaTeHaTa (QyHKIUS
Ha OTBOpEHATa CHCTEMa.
HenaTa Ha HacTosimata paboTa € 1a c€ CUHTE3UPAT CUCTEMU 3a YIIPABJICHHE HA ITHEB-
MaTUYEH POTAIMOHEH U3IIBIHUTEIECH MEXaHU3bM B JIMHEWHAaTa My 00JlacT Ha paboTa;
3a/la4uMTe KOUTO CE TIOCTABAT 3a MOCTUTAHE Ha IIeJNITa ca:

® CHHTE3MpaHE Ha CUCTEMH 3a YIIPaBIICHUE;

® CpaBHUTEJICH aHAJN3 Ha CHHTE3UPAHUTE CUCTEMU;

® OIICHKA Ha 3aIaCUTE HA YCTOMYMBOCT HA CUHTE3UPAHUTE CUCTEMH.

2. CUHTE3UPAHE HA CUCTEMMU 3A YIIPABJIEHUE

B HacrosimaTta pa3paboTKa ce MPOSKTHUPAT CUCTEMH 3a YIIPaBICHHE C KIIACHYECKH P
(2), P1 (3), PD (4) u PID (5) perynatopu Ha pOTaIMOHEH THEBMATUYCH U3ITIBIHUTE-
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nen mexann3bM [15] ¢ mpenaBatenna pynknus (1), B KosATO HE ca OTpa3eHU HEITHMHEH-
HOCTHUTE Taka, 4e TS OTroBaps Ha MOJen B oOiiacTTa Ha nuHelHa pabora. [lapamer-
pHTE 3a HACTPOWKA Ha PEryJIAaTOPUTE ca KAKTO Cie/[Ba: ®KOS(PUIIMEHTHT HA MPOIOp-
UOHATHOCT (6) x,, QUr.2.; eK0eDUIIMEHTHT HA MPOMOPIIMOHATHOCT k , ¥ BPEMEKOH-

craHtata Ha wHTerpupane T, - (7), ¢ur.3.; ekoeQUIUEHTHT HA MPOIOPITUOHATHOCT
K, W BPEMEKOHCTaHTaTa Ha mudepeHiupane T,- (8), ¢ur.4.; exoehuuueHTHT Ha
IPOMOPILIMOHAIIHOCT K ,, BPEMEKOHCTAHTAaTa Ha MHTErpUpaHe T, U BPEMEKOHCTaHTaTa
Ha nudepeniupane T, - (9), dur.S.

Ha ¢ur.2.1 e nmoka3zana KoMIJIeKCHATa paBHMHA Ha cucTeMara ¢ P perymnartop (6) u
CHOTBETHO Ha (ur.2.2 e TMoKa3aHa IPeXoJHATa Xapakrepucrtuka h, (t) Ha 3aTBope-

HaTa CUCTEMaA.

Ha ¢ur3.1 e moka3aHa KOMIUIEKCHATa paBHMHA Ha cuctemara ¢ Pl perynarop (7) u
CHOTBETHO Ha (ur.3.2 e MoKa3aH NpexoJHaTa XxapakTepucTuka h,, (t) Ha 3aTBOpeHaTa

cucreMa.

Ha ¢wur.4.1 e mokazaHa KOMIJIEKCHAaTa paBHUHA Ha cucTeMarac PD perynarop (8) u ¢b-
OTBETHO Ha (hur.4.2 € oKa3aH NpexoJHaTa XapaKTepucThKa h,, (t) Ha3aTBOpeHaTa cuc-

TcMaA.

Ha ¢wur.5.1 e moka3aHna KOMIUIEKCHAaTa paBHWHA Ha cuctemara ¢ PID perymarop (9) u
CHOTBETHO Ha (ur.5.2 € moKasaHa MmpexojHara XapakTepuctuka h,. (t) Ha 3aTBope-

HaTa CUCTEMaA.

Ot ¢ur.2 u ¢ur.3 ce Bwknaa, ye npu cucremure ¢ P (6) u Pl (7) perynatopu He
TpsIOBa J1a ce Ha/IBUIIIaBa CTOMHOCTTA Ha K ., , 3a 1a Obaar ycroitunBu cuctremure. [lpu

or >
cucrtemara ¢ Pl peryiaTop He ce MOCTHTa XKeJaHHUs KPUTCPHH 3a arepruoIHueH Mpe-
XOJICH TMPOIIEC, KOETO CE JBDKU Ha BIMSHUETO Ha HysaTa. Buknma ce, 4e mpu mHoj-
OupaHeTo Ha HyJaTa 3a Ja ObJe pas3nojoXKeHa B 00JacT OImM3Ka 10 KOpeHa, HaMUpall
Ce B HAYaJIOTO Ha KOOPJMHATHATA CHCTEMa, TO CHCTeMara ce J00JMKaBa 10 yCTOM-
YMBO CHCTOSIHUE. 3a J1a Ce JOCTUTHE JI0 YIOBJICTBOPSIBAHETO HA JKEJIAHHS KPUTECPHIA,
TO IIe € HEOOXOAMMO J1a ce J100aBU KOPUTUPAIIO 3BEHO, KOSTO HE € MpeJIMET Ha Hac-
Tosmata pa3padorka. JIoKkaTo MpHM OCTaHAIWTE CHHTE3WPAHW CUCTEMH KPHUTEPHST 3a
arieproOIMUEH MPEXOIEH MPOIEC € U3MbIHEeH. ToBa, KOSTO MPaBU BIICUATICHHUE €, Ue
npu cucremara ¢ PD perynatop (8) u cucremara ¢ PID perymarop (9), Hyaute ce
pasmoJiarat B MHOTO OJiM3Ka 00JIacT 10 KOpeHa Ha 00eKTa, KOWTO ce HaMHpa B Hada-
JIOTO Ha KOOpAMHATHATA cucTeMa. PID peryiaatopbT A00aBs JBOWHA HYyJla U CIUH KO-
pEH, KOWTO ChBIAga C KOpEHa Ha 00CKTa Pa3ojIoKeH B HAYaJI0TO Ha KOOPIMHATHATA
crcTeMa. 3a Hero ¢ moaopaH KoeUIMEeHT Kk , Ha peryiaropa, KOWTo Ja J0Be/Ie CHCTe-

Mara J10 JKeJIaHUsI KpUTEPUid 3a alepUOANYEH IPEXOJIEH MPOIIEC.

Ha ¢ur.6+¢ur.9 ca nokazanu yecroraure Bode-xapakTepucTUKN Ha CUHTE3UpPAHUTE
W, (jo), Wy, (jo), Wep (j@), Wep (jo) cucTemu, KbaeTo € HampaBeHa rpaduyna
OLIEHKA Ha 3aIlacuTe 10 MOIyJ U (as3a.
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3. CPABHUTEJIEH AHAJIN3 HA CUHTE3UPAHUTE CUCTEMHA

B HacTosmara pa3paboTka ce mpejiara CpaBHUTEICH aHaJIU3 Ha CUHTE3UPAHUTE CHUC-
TEMHU, 3a Jja MOKe Ja ObJle HallpaBE€Ha OLEHKA HA NOKA3aTeNM 3a Ka4eCTBO Ha CHUCTe-
MUTE 32 yIPaBJICHHE.

Ha ¢ur.10 ca BU3yanum3MpaHU CIICIHUTE XapaKTEPUCTHKH: IIPEXOJHHUTE XapaKTEpHC-
THKH Ha cucTemMartusupanure cucremu h, (t) h,, (t) hoo (t) u h, (t), a Ha Qur.11,

¢ur.12, ur.13 - yecTOTHHTE XapaKTEPUCTHKH Ha OTBOpeHHTE cucteMu W, (jo),
W, (jo), Wy (j®), W, (j@) B ipocTpancTBoTo Ha Bode, Nyquist u Nichols.

OT npexoaHaTa XapaKTepUCTHKA Moke aa ce Hampasu ussoja (10), ue cucremure
W, (p) 1 W, (p) ca c 3HaYMTENHO MO-TOISIMO OBP30ICHCTBHE t, B CpPaBHEHHE C

W,, (p) 1 W, (p), a mpexoaHus MPOIIEC € C aePUOANYUCH XapaKTep, KOETO € U JIo-
KaITHHUAT KPUTEPUH, KOMTO € MOCTABEH IIPH CHHTE3a HA CUCTEMMTE 34 YIIPABJICHHE.

top <<<tp <<<tp, <<<t, (10)
GM,, =GM,, (11.2)

GM,, ~GM, (11.2)

GM,p >>>GM,, (11.3)

PM,, <<<PM, <<<PM ., <<<PM (12)

OT 4eCTOTHUTE XapaKTEPUCTUKHU Ha OTBOpeHuTe cuctemu (dur.11, ¢ur.12, pur.13)
MO3Ke J1a ObJle HallpaBeHa OIIEHKa Ha 3alacuTe 1Mo Moaya U (pa3a Ha CUCTEMUTE.

Cucremara Wp ¢ P aiaropuTbM 3a YNpaBIEHUE € C MO-TOJIEMH 3amach Mo MOAYJ B
CpaBHCHHE ChC CHCTEMHUTE 3a yrpasiieHue ¢ Pl, PD, PID perymnaropu (11). 3anacure
o ¢asa (12) PM,, PM,,, PM .y, PM,, Ha cuctemure W, (p) 1 W, (p) ca 3Ha-

YUTEITHO MO-TOJIEMH B CpaBHEHHUE ¢ Te3u Ha W, (p) u W, (p) cucremu. CroitHOCTHTE

Ha 3aIacUTe Ha YCTOMYMBOCTTA M HA OBP30JACHCTBUETO HA CUHTE3UPAHUTE CUCTEMU €
0000111€eHO B Ta0I.1.

‘ Step‘Resp‘onse ‘
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Nyquist Diagram Nichols Chart

o 10!
|WP (J(U)l |WPI (Jw)l |WPD (Jw)l |WPID (J(‘))l
ol o @ 50
) 8--100
-15
|WP (Jw)l |WPI (J )l |WPD (Jw)l |WPID (ja))l
EE 1 o 0 05 1 2P0 225 180 135 90 45
(I)I/IF.IZ. Open-Loop Phase (deg) (I)Hr.13.
Tao6auua 1
GM PM t,
Wp 44.7 (dB) 65.5 (deg) 12.7 sec
Wp, 44.4 (dB) 50.9 (deg) 30.1 sec
Wpp 42.5 (dB) 97.4 (deg) 11.9 sec
Wpip 40.9 (dB) 97.8 (deg) 39.1 sec
4. BAKJIIOYEHHUE

HoBoTo 1 opUrnHaIHOTO B HacTosAmIaTa pa3paboTka Moxe 1a 0b/1€ 00001IeHO KaTo:

® CHUHTE3UpaHu ca cucTemu 3a ynpasienue Ha PIIMIM B nuneitnaTta o6nact Ha pa-
00Ta U3MoN3BaKu rpado-aHATMTUYEH METO/] PU KPUTEPUId anlepruoIMYeH Tpe-
XOJIEH IIPOLEC;

® CHUHTE3UPAHUTE CUCTEMH 3a YNPABICHUE Ca MOJEIUPAHU U CUMYJIUPaHU B
MATLAB;

® AHAJIM3UPAHAEC KOMILIEKCHATA PABHUHA 3a BCSAKA €JHA OT CHHTE3UPAHUTE CUCTEMHU;

e HaIpaBEH € CUMYJIAIIMOHEH CPAaBHUTEJIEH aHAJIN3 Ha paboTaTa Ha CUHTE3UPAaHUTE
CUCTEMHU KAaKTO BbB BpEMEBATa, Taka U B YECTOTHATA 00JacT Ha padoTa;

® HaIpaBEHa € OLICHKA HA HAKOU IT0KA3aTeNId Ha Ka4eCTBOTO: 3allaCUTE 110 MOIYJ U
(a3za Ha CUHTE3UpPAHUTE CUCTEMHU.

JIMTEPATYPA

[1] Houpis C., S. Rasmussen, Quantitative Feedback Theory, Marcel Dekker Inc., 1999

[2] Kostadin Kostov, Asservissement et Régulation — Travaux de laboratoire et exercices assistée
par ordinateur, © 2007 Université Technique de Sofia, ISBN 978-954-438-604-7, 2007, 116 p.

[3] Luis Maret, Régulation automatique, ISBN2-88074-143-6, 1987, 428 p.

Hecrepenxo A. /1., JlyOpoBHbiit 1 1p, CripaBOYHHK 1O HaJIaJKe aBTOMATHYECKUX YCTPOHUCTB KOHTP-
noJss u peryaupasanud, M3a. Haykosas [ymka, 1976, 838 ctp.

[4] Nikolov E., S. Enev (2009), Asservissement et Régulation Continue, Sofia 2009, © 2009 Pub-
lishing House of Technical University of Sofia; ISBN-978-954-438-814-0, 160 p.

[5] Nikolov E., D. Jolly, N. Nikolova, B. Benova (2005), Commande Robuste, Sofia 2005, © 2005
Publishing House of Technical University of Sofia, ISBN 954-438-500-2, 216 p.

155




[6] Nina G. Nikolova, Robust ML Control Systems - part 1, part 2, Journal “Proceedings of Tech-
nical University of Sofia”, Vol 61, Issue 1 (2011)

[7] Nina G. Nikolova, Investigation of Repetitive Control Systems, Journal “Proceedings of Tech-
nical University of Sofia”, Vol 63, Issue 1 (2013)

[8] Nina G. Nikolova, Basics of the Theory and Design of Linear Repetitive Control Systems -
Part | Part 11, Journal “Proceedings of Technical University of Sofia”, Vol 64, Issue 2 (2014)

[9] Vessela Karlova-Sergieva, Quantitative Feedback Theory - Control Systems Design Method-
ology - part 1, part 1, Journal “Proceedings of Technical University of Sofia”, Vol 61, Issue 1
(2011)

[10] Vessela Karlova-Sergieva, Modified Techniques in the Complex Plane, Journal “Proceedings
of Technical University of Sofia”, Vol 62, Issue 2, (2012), pp110-116

[11] Stanislav Enev, Vessela Karlova-Sergieva, Design of Control Systems for Processes with
Significant Time-Delay by Using the Quantitative Feedback Theory, Journal “Proceedings of
Technical University of Sofia” Vol 63, Issue 4 (2013)

[12] Vessela Karlova-Sergieva Design of Controllers for Unstable Uncertain Plants (part I, part
I1), Journal “Proceedings of Technical University of Sofia”, Vol 65, Issue 2 (2015)

[13] Vessela Karlova-Sergieva, Control Systems with Conditional Feedback, Journal “Proceed-
ings of Technical University of Sofia”, Vol 66, Issue 2 (2016)

[14] Becena KapaoBa, IIpoekmupane na cucmemu 3a ynpasieHue ¢ 2apaHmupano Kaiecmeo,
2013 Uznanue va TY-Codus, Pagukc OO/I, ISBN 978-619-7140-01-9, ISBN 978-619-7140-02-6,
163 ctp.

[15] I'pacuanu b. , MapunueB A. (2018) , Mooenupane u uscneosane na pomauuonen nHeema-
muuen usnvianumenen mexanuzvm, Lonumank Ha TY-Codus , Tom 68, kaura 3, 2018, 65-74ctp.
[16] Manxxapos H., . TomoB, Huoicenepnu memoou 3a npoeKkmupamne Ha CUCHEMU 34 A6MO-
mamuyno ynpaenenue, Texuuka, C., 1978.

[17] HuxogoBa H., HukoJioB E. (2006), Memoou u anzopummu 3a nacmpoiika na pezyiamopu 6
cucmemu 3a ynpaeienue cCnpagouHo nocooue no oucyunaunama ,llpunoxcuu memoou 3a yn-
paenenue na mexuonozuunu npoyecu“, Copus 2006, N3n. na Texunueckn YHusepcurer-Codus,
ISBN -13 : 978-954-438579-8, 72 ctp.

[18] Huxoaos E. (2003) , Ilpunoscnu memoou 3a ynpasienue Ha mexnojl02udHu Rpouecu - nop-
6a yacm (YECTOTHU METOJU U CUCTEMHU C poOAaCTHH CBOWCTBA) , 1371, Ha TexHUueckn yHUBEPCUTET -
Codwust , Codust , 2003r. , ISBN: 954-438-334-4 , 358cTp.

[19] HuxosioBa H. , Huxoaos E. (2009), Ilpunoscnu memoou 3a ynpasienue Ha mexmoao2uuHu
npouecu (PHKOBOJICTBO 3a TabopaTopHu ynpaxkHeHus ), 3. na Texuuuecku ynusepcuret - Codus,
Codust , 2009 r. , ISBN: 978-954-438-784-6 , 120 ctp.

[20] Huna I'. HuxosnoBa, Po6acmno penemumugno ynpaeienue Ha CUCHEMU ¢ ANPUOPHA HEON-
peoenenocm, 3. Texunueckn Yuusepcuret-Codus, 2019, 176 ctp.

ABTop: bBopuc I'pacuanmu, ri. ac. 1-p uHX., Karenpa ,,Apromatusanus Ha Henpexbe-
Hatute [IpousBoacrea“, @akynrer ABTromaruka, Texunuecku YHusepcuret - Codus,
E-mail adress: bgrasiani@tu-sofia.bg

IMocTenmaa 30.04.2019 r. Penensent: pod. atH Emun Hukonos

156


mailto:bgrasiani@tu-sofia.bg

W VHg,
@‘E Toouwnux na Texnuuecku Ynusepcumem - Cogpus, mom 69, knuza 2, 2019
J ¢ Proceedings of the Technical University of Sofia, Volume 69, Issue 2, 2019

<eXHug,

Copu®

YIIPABJIEHUE HA UHAYCTPUAJIEH OBEKT YPE3 KTOB
Becesia KapaoBa-Cepruesa, [lecuciaasa Crounesa-/leuuena

Pestome: [Ipoexmupanemo na pobacmen pe2yiamop uma 20JsAM NPAKmMU4ecKu uLme-
pec. B mazu cmamus e npeonooicen epexmugen memoo 3a cunmes Ha pe2yiamop 3d
Mooen nHa unoycmpuanen obexm. Pe2ynamopvm e npoexmupan upes mMemooo102uima
KTOB.

Knwuoeu oymu: KTOB, pobacmnocm, napamempuuna HeonpeoeieHocm

QFT CONTROLLER DESIGN FOR AN INDUSTRIAL PLANT
Vessela Karlova-Sergieva, Desislava Stoitseva-Delicheva

Abstract: Robust controller synthesis is of great practical interest. In this paper an
efticient method has been proposed for synthesis of controller for an industrial plant
model. The controller is designed through QFT methodology.

Key-words: QFT, robustness, parametric uncertainty

1. BbBEJIEHHUE

B crpykTypara Ha CbBpEMEHHUTE aBTOMATU3UPAHU CUCTEMH 3a YIIPABICHUE HA HEII-
PEKBCHATH TEXHOJIOTMYHU MPOIIECH TbPBOTO HEPAPXUYHO HUBO ChIBPrKa roJisiM Opoii
CUCTEMH 32 aBTOMATUYHO YIIPABJICHHE Ha OCHOBHUTE TEXHOJIOTUYHHU BEIUYMHU, KOU-
TO XapakTepu3upaT TEPMOAMHAMUYHOTO ChCTOSIHUE Ha O0EKTa - TeMmIeparypa, Hajs-
raHe, BJIaKHOCT WJIM MapaMeTpH, CBbP3aHU ¢ MaTepuaaHus OajaHC Ha 0OeKTa - pas-
XOJl, HUBO Ha T€YHH W HACUIIHU MaTepHalid, UJIM OCHOBHM CBOMCTBAa Ha pabOTHHUTE
BelIeCTBa - MIBTHOCT, pH. ABTOMaTMYHOTO UM yIpaBJiEeHUE € KJacuuecka 00JacT B
MHIyCTpHalIHaTa aBToMarnsanus. He3aBUCMMO OT ChIECTBYBAIUTE ONMUT U TPaIu-
MM B yIPAaBJICHUETO HA OCHOBHUTE TEXHOJIOTUYHU BEJIMYNHU, CHHTE3bT HA HOBHU YII-
paBIIABAlIM AITOPUTMHU NIPOABIDKABA 14 CE PAa3BUBA, ThU KaTo:
« W3HUCKBAHMUATA KbM TOYHOCTTA Ha MOJIBbPKAHE HA Ka4ye€CTBOTO HA OCHOBHUTE
TEXHOJIOTUYHYU BEJIMYWHH HAPACTBAT;
« HENPEKBCHATO C€ Pa3BUBAT Bb3MOKHOCTUTE HAa TEXHUYECKUTE CPEACTBA 3a HU3-
MEpBAHE U YNPABJICHUE HA OCHOBHUTE TEXHOJOTUYHH BEJIUYHHU;
KonuuectBenata teopus Ha oOpaTHaTta Bpb3ka (KTOB) e Teopus, KosTO 1mo3BoJisiBa
MAaTEeMAaTUYECKHA CTPOrO Jia C€ IIPOCKTHUpa CUCTEMATa 3a yIpaBICHUE HA IPOU3BOACT-
BEH IIPOLIEC C OTYMTAHE HA (PAKTOPU, KOUTO XapaKTEpU3UpaT TO3U MpolLieC, KaTo TOBA
OTrOBaps Ha IOBUIICHUTE M3UCKBAHMSA 3a Ka4ECTBO KbM CBBPEMEHHUTE CHUCTEMHM 3a
YIIPaBJICHHUE HA TUIIOBU TEXHOJIOTUYHU BEJINYUHHU.
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Y1paBieHUETO Ha OOCKTH C MMPOMEHJIMBY MApaMETPH € MPEIU3BUKATEIICTBO, OCOOCHO
KOTaToO Ta3H IPOMSHA € CHIICCTBEHA U O0YCJIaBsl CBIICCTBCHO pa3jvdue B MPEXOJ-
HUTE MMPOIIECH Ha yIpaBIIIBaHATA BEJIMYMHA TPU U3IOJI3BAaHE HA KJIACHYCCKH 3aKOHU
3a ynpasienue. JloOpe uzyueHnte poOAaCTHU MOAXOIM 3a YMpaBJIICHUE CHIIO HE IO-
Ka3BaT 3aJ0OBOJIUTCIIHU PE3yJITaTH IPH MPOMSHA B IMBTH B CTOMHOCTTA Ha IapameT-
pute Ha obekra [7,10].

2. HEJI 1 3AJJAYN

[lenTa Ha HacTofImIaTa paboTa € Ja ce MPOEKTHUpa PEeryjaTop upe3 KoJIudecTBeHaTa
Teopusi Ha oOpaTHaTa Bpb3Ka 3a YNPABIEHUETO HAa TUIOB MOJIE] HAa WHAYCTpPUAJICH
00€KT, KOWTO Cce XapaKTepHu3upa ¢ Tpu-TlapaMeTpuyHa ChIECTBEHA MPOMSHA B Mapa-
METPUTE CU. 3aJaYUTE, KOUTO CE PEIIaBaT ca:

- IlpuBexxnane Ha (QYHKIIMOHAIHM WM3UCKBAHHUS KbM HU3CIEJBAHUS OOCKT B
TEPMHUHUTE HA KOJIMYECTBEHU ITOKA3aTENM Ha Ka4eCTBO KbM YIIPaBJIsiIBAHATA
BEJIMYMHA,

- Cunre3 Ha ynpasisiBail KTOB anroputsbwm;

-  Banupanus u Bepudukainus Ha pe3yJITaTUTE B YECTOTHA U BpeMeBa 00JIacCT.

3. TUIIOB MOAEJI HA HHAYCTPHUAJIEH OBEKT

['onsiMa yacT oT peanHuTEe OOEKTH B MHAYCTPHSTA Ca 00EKTU ChC 3aKbCHEHHE. 3aKbC-
HEHHUETO MOXKE J1a Bb3HUKHE OT (DU3MYECKH MPEHOC Ha BEIIECTBO, BCIEJICTBUE HA pe-
IYKIUSI HAa BUCOKMSI pell Ha 00€KTa, HUCKA YYBCTBUTEIHOCT Ha JAATUYMUIIUTE, BpEME 3a
M3YMCJIEHUE HA YIPABISBAIIOTO Bb3JeUCTBHE U JIp. CHUCTEMHUTE ChC 3aKHCHEHUE Ca
U3BECTHU C MPOOJEMUTE TIPU TAXHOTO yIIpaBJieHHE, TOPAJU BIIOIIABAHE HA YCTONYH-
BOCTTa, BCJIEACTBUE HAa HAJIM4YME 3aKbCHEHME B oOpaTHaTa Bphb3ka. [Ipe3 rogunute ca
pa3BUBAHU PA3JIMYHU TMOJXOJIM 32 PEIIABAHETO HAa TO3U POJ MPOOIEMHU, KOUTO CE JI0-
pa3BHUBAT, KaTo ce 700aBu U MPOOIEMBT C HAIMYMETO HA TPOMSIHA B TO3U MapaMETh).
[ToBeweTo muaycTpuamHute cucremu ca usrpaaenu ¢ [IU (wmm [IU]]) perynaropu,
KaTo MpHU HaJIMYME Ha rOJIEMHU 3aKbCHEHMS] OOMKHOBEHO ce u3non3Ba camo 1N pery-
naTop. 3a Jia ce 3ama3u yCTOMYMBOCTTa, 00ayve, MpH Te3U CUCTEMH C€ MPaBH KOMITPO-
MHC 32 CMETKa Ha Obp30AeiicTBHETO. [I[poeKTUpaHETO HA HECIIOKHU B JUHAMUYHO OT-
HouieHue perynaropu nocpeactsoM KTOB ce oka3zBa JocTaThb4HO aIEKBAaTHO HA MOC-
TaBEHUTE U3UCKBAHUS MO OTHOIIIEHUE HA TOYHOCT, YCTOWUYMBOCT U Obp3ojelicTeue. B
CTaTUsTa Ce pasriek/aa MOJyYeH MaTeMaTH4YeH MOJEN Ha MHIYCTpUajeH OOEKT 10
EKCIIEpUMEHTAJICH HAaYWH, U3TPAJICH Ha TIPUHITUIA HA YyepHaTa KyTtus, [9]. Jlanaute, ¢
KOHMTO CE pasloJiara ca BbB BH/I Ha MpejaBaTeiiHa GyHKIus, onucana ¢ (1)

k
W = — @ " |
(S) Ts+1e @)

[TapameTpuTe Ha MOJENA Ca IPOMEHIIMBU M IIPUEMAT CTOMHOCTH B CIICIAHUTE JMaria-
30HHU (2)
ke[3:16],Te[67:127] Hre[3:10.5]. (2)

3a HOMHMHAJICH MOJIENI C€ IIPUEMaT CTOMHOCTH Ha mapamerpute K =3,°/%; T =67s u
7=3S.
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CeplecTBYBaT pa3/IMuHA METOJM 32 alpOKCUMAallMs Ha MOJeEla Ha YUCTOTO 3aKbCHE-
Hue. B craTusTa € u3noJi3BaHo pasioxeHue B pea Ha [lage ot mbpBu pen, nmopaau To-
Ba, Y€ anpoKCHMAaIusATa B 4eCTOTHATa 00JacT, B 001acTTa Ha CHIIECTBEHUTE 32 00EK-
Ta YE€CTOTH, HAITBJIHO CHBIIA/Ia C MOJEJA HA YUCTOTO 3aKbCHEHHUE.

4. PYHKIHNOHAJIHU U3NCKBAHUA

Peannute paboTHU yCIOBHS BOIAT 0 MPOMSIHA HA paboTHaTa TOYKa. AKO OOEKTHT ce
XapakTepus3upa ¢ HEJITMHENHOCT TOBA BOJIM 10 NPOMSHA B TApAMETPUTE HA €TATOHHUS
My, HOMHHaJIeH Monen. HenuueliHoCTTa B 00€KTa 3a ynpaBiieHHe MOXKE Jia ce Mpejic-
TaBM 4Ype3 JHana3oH Ha MapaMEeTpU4YHa HEOMNPENENICHOCT, KOETO O3HAauaBa, Y€ HEJU-
HEHHUAT 0OCKT Ce MpEeJICTaBs KaTo Ha0Op OT JMHEWHN Moenu. Ha ¢wur.l ca mokazanu
CEMEMCTBO OT NPEXOJHU XAPAKTEPUCTUKU Ha 3aTBOPEHATA CHCTEMA, MpEAIoJiara ce
[1-perynatop ¢ koedunueHt 1 u obekr, ornmcan ¢ (1).

x10°
A

_4 L L L L 1 1 L »
0 100 200 300 400 500 600 700 800
Time (sec)

dwur.1.

3HauMTeNHATa MPOMSIHA B MapaMETPUTE Ha MOJIeNIa Ha 00EKTa U HATMYMETO Ha 3aKbC-
HEHUE, KOETO ChUIO € MPOMEHIIUBO, BOAU 10 HEYCTOMYUBHU PAOOTHU PEKUMHU.

XKenanoto kadectBo ce (opMupa Ype3 MaTeMaTU4YHHU MOJEIH, KOUTO OTpa3siBaT
¢dbyHkunonupaneto Ha cuctemata. B repmunure Ha KTOB ToBa ce cBexnaa 1o omnpe-
JESTHETO Ha JKellaHa 30Ha Ha KadecTBo, obocobena ot T, u T , B kosATO TpsAOBa na

MOTaJHe U3XOAbT Ha ymnpaBisBaHaTa cucrtema. Cho0pa3HO H3CieIBaHUS OOCKT ce
MpesiBsIBAT CICAHUTE M3MCKBAaHUSA KbM KauyeCTBOTO Ha YIMpaBIISIBAHATA BEJIMYMHA!
TOYHOCT B YCTAaHOBEH pexXuM, npeperyiupane 0% u 0bp301eicTBHE, KOETO OTrOBaps
Ha OBbpP30JEHCTBUETO HA O0EKTa B HOMUHAJEH pexuM - t, =~350s. IIpenaBarennure

Gyukuuu T, (S) u T,(S), (3) u (4) ca nonyyenn Ha Gasata Ha BPB3KUTE MEXKIY OT-

JACIIHUTC IMTOKA3aTCJIN Ha Ka4€CTBO, I[G(l)I/IHI/IpaHI/I B KOMIIJICKCHA paBHWHA, YCCTOTHA U
BpCMCBa O6HaCT, HAJIOXXCHH OT 3aAaACHUS KPUTCPHUU 3a KAYCCTBO.
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HeoOxonumo ycioBue e pasnukara o., (3) MEXIy MOAYJIHTE Ha 3aTBOPCHUTE CHUC-
Temu, B, =20log[T,(jw)| u B, =20log|T, (jow) B uyecToTHaTa OGMACT 1A Ce yBEIMYaBa C

HApaCTBAHETO Ha YeCToTara, 3a Jia Morar jga Obaar o0XBaHATH BHUCOKOYECTOTHHUTE
CMYIIICHU, IIyMOBE OT u3MepBaTeieH xapakrep (3), ¢ur.3.

Sx(j)=20l0g[T, (je )| ~20log|T, (e ) (3)
Ha ¢wur.2 u ¢ur.3 e nokasana xenaHaTa 30Ha Ha Ka4eCTBO BB BpeMeBaTa U YeCTOT-
Harta obnact, obocobena ot T, u T, pecnektuBHo ot B, u B, .

1.44 Step Response
Bode Diagram
12 R ‘ o
— 0
1 e —————
20
[} T —
g 08 U S 40
= o
1Sy o
< 06 2 -60
T 5
L < 80
0.4
-100
0.2 -120
| . . . . . -140 ‘ >
% 100 200 300 400 500 600 104 103 102 101 16
Time (sec) Frequency (rad/sec)
®ur.2. ®ur.3.
100 T T T T T T T T T T T Tl
8
@
[

Frequency (rad/sec)

dur.4.
0.0002657
T,(s)= 4
o(5) s +0.02282s + 0.0002657 4)
1

T (S) 2.56e006s"* +256000s°+9600s”+160s+1 ©)
BakHa 4acT OT NPOEKTUPAHETO HA PETYIATOP € ONPENETSTHETO HA BEKTOP OT ChLIECT-
BeHU 4ecTOTH. OOMKHOBEHO TE€3U YECTOTH C€ M30MPAT OKOJIO Cps3BalllaTa YeCTOTa Ha
HOMUHAJIHUS 00eKT, (6). CpeJHOUECTOTHUAT AMAala30H € CBbpP3aH C JAMHAMUKATa Ha
CUCTEMHUTE 32 YIIPaBJIEHUE, TYK CE IPOsBSIBAT [IOKA3aTEINTE HAa KaueCTBO, HUCKOYEC-
TOTHHS JIMana3oH CE€ CBbpP3Ba C TOYHOCTTA, a BMCOKOYECTOTHMS C ILIyMO3alluTe-
HOCTTA.

@ <[0.01,0.02,0.03,0.04,0.05,0.06] (6)
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5. CHHTE3 HA KTOB AJITOPUTHM [1-6]

[Ipoextupanero Ha perynatop upe3 KTOB wn3uckBa M3II'bIHEHUETO HA MOpEAUIA OT
CTBIIKHM, CBBP3aHU C MOJEIIMPAHE HA HEOIPEIEICHOCTTa B OOEKTa, 3a/laBaHe Ha JKe-
JaHO KAayeCTBO HA yIpaBJIsiBaHATa BEIMUYMHA, ONIPENEIsTHE Ha 00JIaCTH B 4ECTOTHATA
00J1aCT, KOUTO I1I€ TapaHTUPAT Y€ MPOSKTUPAHUAT PETyIaTop LIe NOAIbPKA Mpe/siBe-
HUs KPUTEPUU HA KAYECTBO.

5.1. HIOJYYABAHE HA 30HM C HEOIIPEAEJIEHOCT
HA OBEKTA 3A YIIPABJIEHUE

OT TeopeTuyHa rieHa TOYKA MTapaMEeTPUTE Ha 00CKTa 3a yIpaBJICHUE MOTaT J1a Obaat
MpeCTaBEeHU Ype3 ANana3oH Ha HHTepBaiHa HeonpeaeneHocT Q . B obmus cnygait Q

MpeACTaBiIsiBa N- MEPEH MPaBOBI'BIHUK Q:{q|qi e[qi‘ q’ ], i:1,2...n}, KBAETO (,

ca peajHy, NHTEPBAIHU MapaMeTpH, a ( H (| MOKa3BaT alpuOpPH U3BECTHUTE, CHOT-
BETHO JIOJIHA ¥ TOpHA, TpaHMIla Ha HeolpeaeaeHo cT. /Jlnana3onbT Ha MHTEpBaIHA He-
ompeneneHoctT Q MMa CBOETO ChOTBETCTBHE M M300pa3siBaHe M B YECTOTHATa 00JacCT,
noj (popmaTa Ha 30HU Ha HEONPEACIIEHOCT, (Qur.S.

30HUTE C HEONPEJCICHOCT NPEICTaBISIBAT y4yacThbIM OT CeMecTBaTa YeCTOTHU Xa-
PaKTEPUCTUKH, TIOJTYYCHU BCIEACTBHE KOMOUHAIMS OT MPOMsIHATA B TapaMeTpUTe.

Nichols plot

27

—_ —_
o a
T T

Open-loop magnitude (dB)
()]

_I_

o
>

o by b s b b b b b s by
-180 -160 -140 -120 -100 -80 -60 -40 -20
Open-loop phase (deg)

®Dur.5.

Ha ¢wur.5 ca moka3aHu 30HHTE C HEOIIPEACICHOCT HA MOJIeIa Ha 00EKTa 3a BEKTOpa OT
chiecTBeHu yectoTH (6). Brkna, ce ue popmara Ha nuanazonHa Q ce 3amasBa, ¢ yBe-

JIM4aBaHC Ha 4€CTOTAaTa 30HUTE C HCOIIPECACIICHOCT CC pa3mInupABar.
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5.2. DOPMHUPAHE HA U- KOHTYP, POBACTHU T'PAHULIA
N OIITUMAJIHUA ' PAHULIA

U-KOHTYpBT MpEACTaBisiBa 30Ha B paBHHHATa Ha Hukomc, kodaro He TpsiOBa na Obae
HapymiaBaHa. Toil ce siBABa YECTOTHOTO M3PaXEHHWE HA MAKCHUMAIHO JOMYCTUMOTO
npeperyaupaHe U 3ajjaBa OTJAJEYSHOCTTa Ha HOBaTa cHUCTeMa OT TOYKaTa Ha yCTOM-
yuBOCT. OBaN’bT Ha 3a0paHeHaTa 30Ha, MOXe Ja ce (opMHUpa OT aHAIUTUYHATA BPb3-

Ka Ha MaKCUMaJHHs MOJAYJ Ha (QYyHKIHATA HA JOMBIHHUTEIHA YyBCTBHTENIHOCT M, ¢
npeperyiupasero «,1.e o,%~45M; —40, [8]. U36upa ce M, =2.3dB ¢wur.1. Oc-
TaHasaTa 4yacT Ha U-KOHTypa ce 03HayaBa ChC CUMBOJIA V U Ce Ompesess OT YCIOBHU-
eto (7)

V,dB = |im(20|og W (jo.q)

AO—>0

~20logW (jo, qi‘)‘) = 24.0824-9.5424 ~15 (7)

®ur.6 Buszyanuszupa uneanHus U-KOHTYp, ChbBHaJa C HM30MOJYyJHATa KpHBa 3a
M, =2.3dB, ¢ur. b, U-xoHTYp, n3depran 3a Habopa oT yecToTH (6) W M3MBIHEHHE

Ha M, = msx‘T(ja),,qi ) <1.2(e).

Nichols plot

25 ,

Nichols plot
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[TomygyaBanero Ha 3a0panena 30Ha U-KOHTYp, KOSITO HE TpsiOBa Aa ObJie mpecudana OT
YECTOTHUTE XapaKTEPUCTUKH HA HOBATa CHUCTEMa MPU HAIMYME HA HEOMPEIeIEHOCT
e rapanTupa podacTHa yCTOMYMBOCT Ha M3cienBaHaTa cucreMa. HeoO0xonumo e Bb-
BEXKJAHETO HA BTOpA CTETEH Ha CBO0OO/Ia, KOATO Ja rapaHThpa poOACTHO Ka4eCTBO.

3oHUTE C HCOIMPCACIICHOCT, 3aCIHO C IIapaMCTbpa 5R’ IMO3BOJIABAT IIOJIYYaBAHCTO Ha

poOACTHU IpaHUIIA, KOUTO y4acTBAT MPU CUHTE3a Ha peryiatop. 3a u30paHusi BEKTOP
OT YECTOTH C€ MOCTPOSBAT IIECT POOACTHU TrpaHUIM. 30HUTE C HEOIPEACIIEHOCT Ce
TPaHCAUPAT OT MPOEKTAHTA, BEPTUKATHO U XOPU3OHTAIHO, JOKATO Pa3jIMKaTa B Hail-
BUCOKAaTa U IPOTUBO-IIOJIOKHATA TOYKA OT 30HATA, OTTOBAapsIla HAa W30MOJYJIHUTE
KPUBH, JOCTUTHE Pa3JIMKAaTa J, 3a CbOTBETHATA YECTOTA. TOBa HAMECTBAHE HA 30HUTE

C HEONPEJNIEJIEHOCT C€ M3BbPIIBA 32 OCHOBHM HMH(MOPMATUBHU CTOMHOCTH Ha apry-
MEHTa Ha OTBOpPEHATa CUCTEMA.

3aBbpIIeHUTe poOACTHU TPAHUIIM Ca TTOKa3aHu Ha pur.8

162



Nichols plot 604 Nichols plot
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[Monyuenute podbacTHu rpanuim By ( ja),) OTpa3siBaT HEOMPEJIEJICHOCTTa B TTapaMeT-

puTe Ha 00EKTa M y4acTBaT B CHHTE3a Ha peryjaTop Ha 0a3aTa Ha HOMHHAJIHATA CHUC-
TeMa. ['panunute onpenensat o0nacTu, HaJ KOUTO TPSOBA Jla ca Pa3MoIOKEHU YeCTO-
TUTE Ha BCE OIIl¢ HEU3BECTHATA OTBOPEHA CUCTEMA.

CoBrkynHOCcTTa OT U-KOHTYpHUTE, QUT.7/, MOTYyUYEHHU 3a MIECTTE YECTOTH OT M30paHus
BEKTOp, KAKTO M POOACTHUTE TPpaHUIM OT GUT.8, ca HEOOXOIUMU 3a TIOJTyIaBaHETO HA

ONTHMAaJHA PoOacTHU TpaHunu By ( ja)i), ¢ur.9. 3a BcAka xapakTepHa YECTOTa Ce

M3IMOJ3Ba CTPATETusi, KOSITO C€ OCHOBaBa Ha CpaBHSBAaHE Ha BCsKa eaHa pobOacTHa
rpannna By ( ja)l) n U-KOHTYp 3a elHa U Chllla YecToTa, KaTo ce u3dupa Ta3u 4acr,

KOSATO € pa3nojiokeHa Hal-oTrope. [lomyuenure rpanunm ca ontuMandu, ¢ur.9.
5.3. TIOJIYHABAHE HA OIITUMAJIHA OTBOPEHA CUCTEMA

OnTumanHaTa OTBOpPEHA CHCTEMa C€ MoJy4yaBa Ha 0a3a ONTUMAJIHU TPAHULIA U HOMU-
HaJleH 00eKT 3a ympasieHue. IIpoekTupaHeTo Ha perynaaTop, pecleKTUBHO Ha OMNTH-
MaJIHa OTBOPEHA CUCTEMA, € CBBP3aHO C MOJ00p Ha MOAXO/INa MpeaaBaTenHa GyHK-
Ul Ha perysatopa. Taka moadpaHara JUHAMUKa 1€ JI0BeIe J0 pe3yJITaHTHa OTBO-
peHa CUCTEeMa, YUATO YECTOTHA XapaKTePUCTHKA HIMA Ja HaBju3a B 3a0paHHUTETHATA
30Ha U BCSKA €JHA HelfHa YeCcToTa, ChBIAJIAIla C BEKTOpPA OT ChUIECTBEHU YECTOTH IIIe

€ pa3IoJoKeHa HaJl WM BbPXY ChOTBETHATA ONTUMAJIHA rpaHuia B, ( jo, ) , ur.9

[TpenaBarennara GyHKIUSA Ha perysiaropa ce jaasa c (8).
~8.7049 (s+0.2048)(s+0.2)(s+0.01831)

(3)= §(5+3.325)(5+1.797) (+1)(5+0.09899) (®)

[Tpu u360pa Ha mpexaBarenHaTa GyHKIUS (8) Ha perynaTopa € 100aBeH UHTETPaTop,
KOWTO III€ OCUTYPH HYJIeBa TPEIIKa B YCTAaHOBEH pekuM. HamnuueTo Ha MHTETpaTop B
OTMMCAHUETO Ha CUCTeMara IIe JIOBEJE W J0 HaMalisBaHe Ha YyBCTBUTEIHOCTTA, T.C
poMsHATa B MapaMeTpUTe Ha 00eKTa I1Ie HaMaju CBOETO BiUsHUE. ToBa ce BUXKIA OT
¢ur.10 u ot ¢ur.11l. Cucrtemara e ormie gageye OT KeIaHOTO KaueCTBO, HO € Ha JIMIIE
YCTOMYHUBOCT.
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Bode plot
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3HAUMTETHO Ce pa3lIMpsBa YECTOTHATA JICHTAa HAa CHCTEeMara, Mojo0psaBa ce Obp30-
JCHCTBHETO, HO € Bh3MOXKHO J1a Ce TIoJyJaT ¥ HekelaHu eekTu. JpyraTa men Ha pe-
rynatopa, npoektupan no KTOB e na pasmupu dyectoTHaTa JieHTa Ha CUCTEMara, J1a
o100pu ObP30/ICHCTBUETO HA CUCTEMATA, 32 J1a MOXKE TPEPUITHPHT Aa GYHKIIMOHUPA
MPaBUITHO. Y TIPaBJISBANIUAT CUTHAJI KbM CMYTEHHS Ha Hall-TOpHA TpaHUIla OOEKT € IMo-
Ka3aH Ha ¢wur.12
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5.4. TIPOEKTUPAHE HA IPE®UJITHP

[Tocneanara crbnka or KTOB anroputshma € mpoektupaneto Hanpeduirsp. Tasu BTOpa
CTENEH Ha CBOO0/1a OCUTypsiBa MTOMaJaHE HA MHOYKECTBOTO 3aTBOPEHHU CUCTEMH B Keja-
HaTa 30Ha Ha kKauecTBo. [IpedunTspbT nMa npenaBarenHa GyHkws (9)

1.24866-005(5+0.3932)

F(s)=
9 (s+0.6396)" (s+0.01847)’ (s+0.03519) ®)

B yectoTHara o6nacT AeiiCTBUETO Ha IpePUITHpa ce CBbp3Ba C MOMNaJAaHe Ha MOJIYJIUTE
Ha 3aTBOPEHHUTE CHCTEMHU B JKeJlaHaTa 30Ha Ha KadecTBo, oOyciioBeHa oT B, u B,

¢wur.14 u pur.15
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Bode plot
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