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nical interoperability optimization is presented in the form of a zero-one integer
programming problem with the search for the local extremum of the objective
function. The information-analytical process is formed as a request that deter-
mines the need for information resources, analytical and expert capabilities and
service time in each local situation center. The task of optimizing the load of
the network of distributed situational centers is to redistribute the load between
network nodes by equalizing the use of organizational, human, technical and
information resources for timely and quality decision-making in situational
centers that serve participants in situational management at different levels. The
problem of minimizing service time in a network of distributed situational cen-
ters is dual to the primal problem of load redistribution and is solved using a
stochastic quasigradient projection method. Algorithms for solving the formu-
lated problems are developed and a test example of application is given. The
potential for further improvement of situational systems of strategic planning
management based on capability management for target systems is shown.
Keywords: system on situational management, network of distributed

situational centers, convergent system, technical interoperability, system
optimization.
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MOJENOBAHHS MICTKOBOI EPO3Ii CIIABKOCTPYMOBMUX

ENEKTPUYHUX KOHTAKTIB 3ACOBAMU MATLAB

VY cTaTTi pO3rISAAETHCS MOXKIHUBICTS MOOYOBH MAaTeMaTUIHOT
MOJEINi MPOIeCY MEeXaHIYHOI epo3il CIabKOCTPYMOBHX €IEeKTPpHY-
HHMX KOHTaKTHHX Map 3 BHKOPHCTAHHSAM MOJETIOIYOI CHCTEMH
MATLAB wmertonom inenTuikarii, TOOTO OTpUMaHHS MaTeMaTHU-
HOI Mozeni pearbHOro 00'€eKTa Ha OCHOBI €KCIIEPHMEHTAIBHUX Ja-
HHUX, IPEACTABJICHHUX y BUIIISI ainreOpaiuHUX PiBHSHB.

MicTkoBa epo3ist eeKTPUYHIX KOHTAKTHHX Tap i OB’ sI3aHui i3
HEIO MePeHOC MeTally 3 OfiHi€l KOHTAKTHOI OBEPXHI Ha IHIY CYTTE-
BO BIUIMBA€ Ha 3HOCOCTIMKICTh EMEKTPHYHUX KOHTAKTIB pelie, MoTe-
HITIOMETPIB, MOTEHI[IOMETPUYHHUX JATYUKIB, CHKOJEPIB Ta IHIIOL
crabKocTpyMOBOi KoMyTamiitHoi anaparypu. OHaK Ha po3Mip MiCT-
Ka TP epo3il KOHTAKTIB OKpPIM BEIWYHMHH CTPYMY BILTHBaE Oarato
(akTopiB, a caMe: MBHIKICTh 3aMHUKaHHSI Ta PO3MHKAHHSI, CUJIa MIPH-
THUCKaHHsI, TeMIIepaTypa, THCK Ta LJIbHICTh HaBKOJIHUIIHBOTO Cepe-
JIOBHMILA, TEOMETPisi KOHTAKTIB, MapaMeTpH KOHTAKTHHX MarepianiB
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Ta iHmI Tpouecd. ToMy CTBOPEHHA MaTeMaTHYHOI Moeni, sika O
BpaxoByBasa Bci (pakTopw, sIKi BIUIMBAIOTH HA MICTKOBY €pO3ii0 KOH-
TaKTIB € JOCTaTHHO CKJIAJHOI0 MaTeMaTH4HOIO 3ajgadero. Lle mpums-
BOAUTH JI0 IIMPOKOTO BHKOPUCTAHHS EMITIPHYHUX 3aISKHOCTEH Y
BUIIAI IOCTaTHBO NMPOCTHX cTeneHeBuX QyHkuii. [IpoBeneHe noc-
JIDKEHHS BUSBUIIO, IO OXMOKA, SIKY Aal0Th MOJETI 3 BUKOPUCTaH-
HSIM CTeNIeHEeBUX (DYHKIIiH, € JOCHTh BUCOKOIO 1 MPAKTHYHO HE Bifpi-
3HAETHCS TTOXUOKU Mojiesell 3 BUKOPHCTAHHIM JTiHIMHAX (QyHKIIH.
Tomy 1 BUOOpY ONTHMANBHUX IO BapTOCTI Ta 3HOCOCTIMKOCTI KO-
HTaKTHHUX MaTepiaiiB, JOCIITHUKH 3MyIIeHI BUKOPHCTOBYBATH pe-
3yJbTaTH OTPHMAaHI METOJIOM KOMYTalilfHUIX BUIPOOYBaHb KOHTAKT-
HUX MaTepianiB. OqHaK B pe3ybTaTi IPOBEICHUX AOCIIKEHb OyIo
BUSBJICHO, IO JUTS 3MEHILEHHS MOXHOKU Ta OTPUMAaHHS OB aJIeK-
BaTHOI MOJENi € JOLIBHUM 3aCTOCYBATH KBaApAaTHYHY (YHKIIIO,
BUKOPHCTAHHS SIKOT 3MEHIITy€e MOXUOKY IPUOJIM3HO BIBIYi.

B pesynbrati 1ocmikeHHsI KOHTAaKTHHX Hap 3 Pi3HUX KOHTAaK-
THUX MaTepiajiB BUABICHO HACTYIIHE: €KCIOHEHIialbHa (QYHKIIiS
HEe MOXe OyTH BUKOpHCTaHA B SIKOCTI MOJIET MICTKOBOI epo3ii; Ji-
HiliHa Ta cTeneHeBa (PYHKIIT AAIOTh MIJIKOM IPUIHATHI pe3yIbTaTh
1 MOXKYTh OyTH PEKOMEHOBaHi AJIs1 BAKOPHCTAHHS Ha MOYaTKOBUX
eTanax MOJEIIOBaHHS MPOIECY MICTKOBOi epo3ii; OiIbII amexBart-
HOIO MaTeMaTHYHOIO MOJIEIIIIO MICTKOBOT epo3ii ci1abkocTpyMOBHX
SJISKTPUYHIX KOHTAaKTHHUX Map € KBafpaTHYHa (QyHKIis.

KiouoBi ciioBa: xowmaxmui napu, mamemamuina MoOenb,

OUHAMIKA eNeKMPUYHUX NPOYecis, pecpeciliHuil aHani3, eleKmpuy-
Ha epo3isl.

Beryn. OCHOBHMMU By3/1aMH, II0 BU3HAYAIOTh PECYpC KOMYTaI[iHHOTO
SJIEKTPUYHOTO OOJIaHAHHSA € KOHTAaKTH. BOHM 3AifiCHIOIOTH 3aMUKaHHS,
PO3MHKaHHS 1 IEPEMUKaHHS €JIEKTPUYHUX JIAHIIOTIB 1 € OCepeaKaMH Iepe-
XOAy CTPyMY 3 OIHi€l CprMOBez[yqo'l' KOHTaKT-IeTani B inmry [1]. Bun ene-
KTPUYHOTO PO3PsLy MK KOHTAKTaMH, a OTXKeE, p13HOBH):[ MPOLIECy eNeKTpu-
49HOTO 3HOCY KOHTAKTIB 3QJISKUTh BiJl ITapaMeTpiB KOMYTOBAHOTO JIAHI[IOTa
(Hanpyru 1 cTpyMy). 3a BEIHYHHOK KOMYTOBAHOI'O CTPYMY KOHTaKTH MO-
KYTh KiacuQikyBaTHCsS Ha cIaOKOCTPYMOBI (CTPYMH BiJ 9acTOK IO OJH-
HHILb aMIIep), CEPEJHbOCTPYMOBI (CTPYMH BiJl OJJMHHIIL JI0 COTEHb aMIiep),
CHITBHOCTYMOBI (CTpYMH BiJI COTEHB IO JECATKIB THcd ammep) [2]. Komy-
Tallis KOHTAKTaMH MaJIOIOTY)KHHUX JIAHIIOTIB 3 aKTHBHUM HaBaHTaKEHHIM
CYIPOBOIKYEThCS €PO3IHHUMH SBUILIAMH, 110 BUKIHKAIOTHCS YTBOPEHHIM
PO3IUIABJIEHUX MICTKIB B 30HI KOHTaKTyBaHHS B IIEBHI MOMEHTHU PYyXy KOH-
TakTiB. BU3HaUueHHA MakCHMalbHUX IOBKHWH MICTKIB Ma€ MPaKTHYHE 3Ha-
YEeHHS HE TUIBKH I BUBYCHHS MICTKOBOI €pO3ii, aje i sl OIiHK! IIIBUIKO-
CTi 3aMHKaHHSI-PO3MHUKAHHS Ta BEIMYMHN MDKKOHTAKTHHX BiJICTaHEeH, He-
OOXIiJIHUX AJIs1 MPaBUIILHOTO BUOOPY ICKPOracHUX eneMeHTiB [3-4].

@OyHKIIOHYBaHHS €JEKTPUYHUX KOHTAKTHHX TMap CYMPOBOIKYETHCS
3HOIIYBAHHSAM KOHTAKTYIOUHMX MarepiasliB BHACIIOK TEPTS 1 €NEKTPHIHOL
eposii. [IpoTsrom ocTaHHIX AECATHIIITE TPOBOAMIMCS TPUOOJIOTTHHI BUTIPOOY-
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BaHHs, MaTeMaTHYHE MOJEIIOBAHHS Ta MOJICIIIOBAHHS Il BUBUCHHS MPUPO-
JIM 1 HACIJIKIB MEXaHIYHOrO 3HOCY MarepialliB 3 MOKPUTTSM i O3 MOKPHUTTS
[6-9]. Mocmimkennst Oyimu TepeBaXkHO 30CEPEDKEHI HAa PI3HMX MEXaHi3Max
3HOILYBaHHS: CTUPAHHsL, a/re3ii, epo3ii, KOpo3iHHOMY 3HOCI, BTOMHOMY 3HOCI, &
TAKOXX Ha PI3HMX iX KoMOiHamisx [7], ofHAK BIUTMB MIiCTKOBOI epo3ii Ha Tporiec
€JIEKTPUYHOTO KOHTAKTYBaHHSI 3aJIMILIAETHCS 1€ HEIOCTATHRO BUBYEHNM [9].

Ha ocHOBI mpoBeaeHOro aHamizy ITEpaTypHHUX JDKepen Oyio
3’5ICOBaHO, 110 PO30IXHOCTI PE3yJIbTATIB BUMIPIOBAHHS JOBXKHH 1 JiaMeT-
piB MICTKiB, OTPUMAaHHX DPIi3HHUMH IOCTITHUKAMH 1 PI3HUMH METOIaMH,
JOcUTh 3HauHI. Taki po30DKHOCTI MOXYTh OyTH HOB’si3aHi K 3 METOAM-
KOIO TIPOBENEHHS CKCIIEPHMEHTIB, TaK 1 3 MIIXOJaMH 10 OIpPAaIIOBaHHI
OoTpuMaHuX pe3ynbTariB. CTaHOM Ha TeNepillHii yac MeToau oOpoOKM
pe3yNbTaTiB eKCIICPUMEHTANGHUX JaHUX Ta MOJaHHA iX y BHIJIAI MaTe-
MaTHYHHUX MOJIeNel HaOynu 3HAaYHOTO PO3BUTKY. 30KpeMa modyaoBa Mo-
neneit 6araTo(akTOPHHUX MPOIIECIB, SIKUM € MICTKOBa €pO3is, Ie BUKOPHC-
TaHHs anpiopHoi iH(opMalii, 3acCHOBaHO Ha 3aKOHaxX (Di3UKU BHKIIMKAE
TICBHI TPYIHOILI, MOXe OYTH IMPOBEACHO METOAAMH iAeHTH(IKAIIl.

Mertoro craTTi € 10Oyn0Ba MaTeMaTHYHOI MOJIEIi MICTKOBOI epo3ii
SNICKTPUYHUX KOHTAKTHUX Map 3 BHKOPHCTAHHSAM MOJCIIOK0YOI CHCTEMH
MATLAB wmetonom igeHTH]iKAIi1, TOOTO OTpUMAaHHS 3a €KCIICpUMEHTa-
JHHUMHU JTAHUMH MAaTEeMaTH4HOI MOJIENI peasbHOro 00'€KTa, MpeCcTaBie-
HOi y BHIIIsAI anreOpaiyHux piBHSHb (ieHTHdiKauieo, npu moOynoBi
MaTeMaTUYHOl MoJeli, OyAeMo BBa)KaTH BU3HAYCHHS YHCIOBHX 3HAYCHD
koedimienTiB cuaTe30BaHuX Moseneii [10, 11]).

OcHoBHa yacTuHa. Bigomo, mo B cabKOCTPyMOBHX €JIEKTPUYHUX
KOHTAaKTHUX Mapax MepeBakae MICTKOBa eposis. Y poboti [3] aBTOpoM
MPOBOJIMIINCS BU3HAUESHHS JIOBKUH MICTKIB [0 OCHIJIOrpaMaM HaIlpyrd Ha
KOHTaKTaX [UIA PI3HUX CTPYMIB i KOHTAKTHHX MaTepialiB, CTOCOBHO MO
BUMOT MAJIONOTY)KHHUX KOHTAKTHHUX CHCTEM, BUKOPHUCTOBYBAHHUX B aBTO-
MaTuili. BUMIprOBaHHS MPOBOAMIIKCS HA MOJSIPU30BAHUX PeJie, M0 Bimpis-
HSIOTHCSI MK COOOK0 MaTepiajioM KOHTAKTiB. J[Jsi MPOBEICHHS BUMIpIO-
BaHb IPU 3HIKCHOMY THCKY ITOBITPS 1 Pi3HUX Tra3iB, pelie PO3MilTyBaIHCS
B T€pMETU30BaHUX OaJloHAaX, /e CTBOPIOBAJIACS HEOOXiIHE CepeIOBUIIIE.

MakcuMasbHa TOBXKHAHA MICTKa S, B MOMEHT IIiIPUBAHHS HOTO CTPY-
MOM |, 3HAXOUTHCA 31 CIiBBigHOMIECHHS [3, 4]

SZUCP"[,

ac v, — CepeaHAa IIIBI/I)_IKiCTI) PO3MUKaHHSA KOHTAKTIB TIOJIAPU30BaHUX PEIIC,

cp
sIKa BUSHAYAETBCS JUISL KOXKHOTO Pelie TIPH 3aIaHHX HaINpy3i )KUBJIEHHS 1 pery-
JIFOBaHHI, 7 — BIAPI30K Yacy Bi/l MOYaTKy po3'eTHAHHSA KOHTAKTiB 10 MOMEH-
Ty BUOYXy MICTKa, SIKUi BUSHAYAETHCS 10 OCIIMIIOrpaMaM HaIpyrH Ha MICTKY.

Bumipamu S nipu pi3HHMX mapameTpax JIaHIora OyJio BUSBIEHO Xapa-
KTEepHY BJIACTHUBICTh MICTKIB, a CaM€ — BiJJTHOCHA HE3aJICXKHICTh JOBKUHU
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MICTKa S BiJ HaIpYTH >KUBJICHHS, IHIYKTHBHOCTI i €MHOCTI JAHIIOTa B
JEeSKUX (IOCHUTHh HIMPOKHX) MEKaX 3MIiHM WX MapaMeTpiB IpH HE3MiHHO-
My cTpymi MicTka i. EkcriepuMeHTanpHe BH3HAYCHHS MaKCHMAaTbHHX J0-
BYKHH MICTKIB ISl PI3HUX KOHTAKTHHX MarepiaiiB, CePEAOBHIL i CTPYMIB i
npezncTaBieHo Ha puc. 1. KpiMm Toro, BU3HaYeHO, 0 MaKCHMAalbHI JOB-
JKWHH MICTKIB 301IBITYIOTECS 31 30UIBIICHHAM | i, 1[0 MiHIMAJIBHUM CTPY-
MOM, IPH SKOMY 3 JJOCTaTHbOIO MOBTOPIOBAHICTIO BJAE€THCS BUMIPATH S, €
cTpyM Beau4yuHOW0 10 mA. Pe3ynbTaT JOCHiIKEHb TOBKHUHN MICTKIB €po-
3ii (S, 10" em) Bin ctpymy (i, mMA) 3a nanumu [3] npencrasneHo B Tab. 1.

Tabmuis 1
Pesynvmamu docniodcenv 0062cuHU MICIMKIG epo3ii
(s, 10* cm) 6io cmpymy (i, MA) 3a danumu [3]
C Crpym i, MA
fap 10 [100] 200300 [ 400 | 500 | 600 ] 700 [ 800 [ 900 [ 1000
1 —TIUII-10 0,51,14]1,52|1,87]|2,21|2,56| 2,9 |3,23|3,56 |3,88| 4,21
2 — IInH-5 02]101]13(148(1,62|1,75{1,84|1,93| 2,0 |{2,09| 2,17
3 — 3nH-5 0,1510,84|1,06(1,19(1,28|1,34|1,41|1,46|1,52|1,57| 1,63
4,5 6 —TIInH-5 |0,05/0,59|0,86(1,03|1,15|1,27(1,34(1,41|1,46|1,51| 1,57
7—Cp 999 0,2 /0,35/0,45/0,53|0,62|0,69|0,75|0,81|0,86 |0,91| 0,97
8 — minp 0,05/0,09/0,12|0,12|0,13/0,13|0,14|0,14|0,13]0,12| 0,12
cM,
107 |*
3.6 /
3,2
2.8 /(]
2.4 |_—
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2,0 =
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2 ]
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Puc. 1. I'pagix 3anexcrnocmi 008x4cUHU MICIMKA epO3Ii 810 GeTUHUHU
KOMYMOBAH020 cmpymy 0iist psioy Konmakmuux mamepianig [3]
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VYcepenHeHi 3HaU€HHS JOBKUH MICTKIB IIpH cTpyMi g0 1 4 mist piz-
HHUX KOHTAaKTHHX MatepiaiiB: 1 — maTuHO-ipuaieBui cras 3 10% ipu-
niro (TIJII-10); 2 — mmatusHo-HikeneBui cmas 3 5% wikento (IImH-5); 3—
30JI0TO-HIKeJIeBUi cruiaB 3 5% Hikento; 4 — [lananiit-CpiOuuii cruias 3 40%
cpibia (InCp-40); 5— ITaCp-40 (anom) — IInH-5 (xarom); 6 — mmep-40
(katom) — ITJIH-5 (aHoM); 7 — cpibio; 8 — OE3KUCHEBA MiJlb Y BOJIHI.

Jani npoBeneMo ineHTU]IKAIiF0 MOJETI MICTKOBOT €po3ii METOIOM pe-
rpeciiiHoro aHami3y [11]. MiHiMi30BaHOIO (PYHKIIEO TMOXHOKA (Pi3HHMINI MDK
TIPOTHO30BAHOKO MOJICIIIIO 1 JaHUMH EKCIIEPUMEHTY) TIPH perpeciifHoMy aHaIi3i
€ cyMa KBaJIpaTiB MOXHOOK. 3aBISIKH IIbOMY BIAETHCSA 3aCTOCYBaTH METOH Haid-
MeHmuX kBazpatiB [10]. ToOto 3HalimeMo anmpoKcuMyody (DyHKIIIO 3aJIeKHO-
CTi BEJIMYHMHA MICTKa €pOo3il BiZl CTpyMy Tak, o6 dyHKiist S(i) poxoiwia Mak-
CHMAJIBHO OJIM3BKO JI0 BCIX TOYOK OTPUMAHKX SKCTICPHMEHTATIEHUM IIUIIXOM.

KirouoBuit MoMeHT mosisirac 'y BUOOp1 Kiacy HaOJMKeHUX (DYHKIIH.
OcHOBHa BUMoOTa JI0 IUX (YHKIII — 16 He3aJIe)KHICTh pe3y IbTaTiB BiTi-
Ky BiJ IOYaTKy BIIUIIKY, TOOTO BijJ 3CyBY IO IOCIIIOBHOCTI 3Ha4€Hb ap-
ryMeHTy. [HImmu cioBamu, HeoOXiHO, 11100 KiHIEBa MHOKHHA (QYHKIIN
BHOPAHOTO JJIs alIPOKCUMAIIIT KJIacy TIepexoIuiia cama B cebe Ipu 3aMiHi {
Ha [ + K. TakiM# BIACTHBOCTSIMH BOJIOMIFOT:

e iniiini koMGiHawLii cratuunux Gyskuii 1, i, 2, ..., i"
® CKCIOHEHINambHI QyHKIIT e 2t
e creneneri Gpynkuii i

BukopucranHsi Oynb-sKOT 1HIIOI KiHIIEBOT MHOXHHHU (YHKIIH, KpiM
nepepaxoBaHHWX, BUMAara€ HasBHOCTI MPUPOJHOrO IMOYATKY BiMUIiKYy, 00
fioro BUOip BILTUBAE Ha pesynbTar.

OCKITBKH TIPH JAOCTI/DKSHHSIX JOBKHHH MIiCTKIB ep0311 BiZ cTpymy
HaHOLIBII YacTo 3yCTPiYatoThCsl He3MiHHI 200 MTOBUIBHO MiHJIUBI KPHBI, TO
JOLIJEHO BUKOPHCTOBYBATH aHAJOTIUHI 3aJI€XKHOCTI NPH BUOOPI METOIiB
aTPOKCHMAITIT:

e JiHII{HA aPOKCHUMAIIiS

s(i) =29 +a-i; @
® KBQJIpaTHUYHA ANPOKCUMAILIIS
s(i)=ay+a-i+a,-i%; (2)
® CKCIIOHCHI[iaJIbHA aIPOKCUMAITis
s(i)=A-e*"; 3)
e CTereHeBa alpoKCUMaIlis
s(i)=A-i% 4)

s 06po6ku mannx MATLAB BukopucToBye pi3Hi pyHKIT anpok-
cuManii JaHUX MOJIIHOMAaMH 32 METOIOM HaWMEHIINX KBaApaTiB — IOJIi-
HOMianbHOT perpecii. OmHiero 3 Takux QyHKIii € polyfit (x, y, n),
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siKa TIOBepTa€e BeKTOp KoeillieHTiB momiHOMa p(x) cTeneHs N, KUl 3 Haii-
MEHIIIOI0 CEPETHBOKBAIPATHUHOIO MOXUOKOI0 anpoKcumMye (QyHKIL0 y(x),
PE3yIbTATOM € BEKTOP-PSIOK JOBXKHUHOIO N + 1, 110 MICTHTh KoedilieHTH
MOJIIHOMA B TIOPS/IKY 3MEHIICHHs cTeneHiB [12].

st npoBenenHst po3paxyHkiB B MATLAB MicTkoBoOi epo3sii cruiaBy
T1JII-10 BBOOMMO BEKTOPH-CTOBOII €KCTIEPUMEHTANBHUX JaHUX CTPYMY Ta
JIOBXKMHH MiCTKa epo3ii

>> i=[10 100 200 300 400 500 600 700 800 900
10007

>> s=[0.5 1.14 1.52 1.87 2.21 2.56 2.9 3.23
3.56 3.88 4.217;

Jns moniHOMa mepuioro creneHs (iHiHA ampokcuMalis) B
MATLAB

>> coeffl=polyfit(i,s,1)

coeffl = 0.003562938870820 0.722564256525727

Jns momiHOMa apyroro crereHs (KBaJpaTWYHA anpoKCHMAIis) B
MATLAB

>> coeff2=polyfit(i,s,2)

coeff2 = -0.000000817889248 0.004385599991898
0.596754494347372

[Mopanbiie JOCTIKEHHsST BUKIMKAe TEBHI TPYIHOLI, OCKUIBKH B
MATLAB nHemae ¢yHKIiH eKCTIOHCHITIaTbHOI Ta CTETICHEBOI alPOKCHMAIII.
Jl1s npoBeieHHs eKCroHeH ianbHOT anpokcumanii B MATLAB npoiio-
rapu)MyeMo TIpaBy i JIiBy yacTHHU piBHSHHA (3). B pesynprati orpuMaemo
In(s)=1In(A-e*") aGo In(s)=In(A)+a-i.
Sxuio Bect 3aminy S =In(s), B=In(A) To ekcroHeHIjianbHa
(yHKIIS IEpETBOPIOETHCS Ha MOJIHOM MEPILOTO MOPSAKY:
S=B+a-i. (5)
BpaxyBaBmu, mo A = €® s ekcrnoHeHmianbHOi anpokcuMarii B
MATLAB
>> S=log(s);
coeffe=polyfit(i,S,1);
coeffe=[coeffe(l) exp(coeffe(2))]
coeffe = 0.001772650510313 0.892458860657700
Jns mpoBeneHHs creneHeBoi anpokcmmariii B MATLAB mposnora-
pudmyemo npaBy 1 J1iBy yacTHHU piBHAHHA (4). B pe3ynbprari orpumMaemo
Ins=In(A-i%) a6o In(s)=In(A)+a-Ini.

Sxuto BBectr 3aminy S =In(s), B=In(A), I =Ini To crenenesa

(hyHKIIS IEPEeTBOPIOETHCS HA MOJIIHOM TIEPIIOTO MOPAIKY:
S=B+a-l. (6)
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BpaxyBapmg, mo A = e® s excroHeHIiaIbHOT anpoKCUMAIlii B
MATLAB

>> S=log(s);

I=log(1i);

coeffs=polyfit(I,S,1);

coeffs=[coeffs(l) exp(coeffs(2))]

coeffs = 0.464957479263563 0.148352348369164

Pesynpratn anpoxcuMariii 3BeieHi B Ta0I. 2.
Cepennst moxubka anmpokcuMarnii AS Juist KOXKHOT MOZIEITi BiZTIOBI THO-
T0 KOHTAKTHOT'O MaTepially po3paxoBYEThCS 3a POPMYIIO0

n . —g"
3 Is;—sjl
=
As=31 1 100%, )
n
e S} — pPO3paxyHKOBE 3HAYCHHS B TOYII ij 32 PIBHAHHSAM alpOKCHMAIIii;

N — KUTBKICTh TOYOK arpOKCHMAIIiI.
Tabmuus 2

Peszyromamu anpoxcumayii 0ocnioscenns 3aniexncHocmi
00821CUHU MICIKIG epO3ii 610 cmpymy

1— 2— 456 — 71— .
Cnaasl o0 | macpao |2 35| maps | cpogg |8 Mie
Jliniitna perpecist s(i) = a, +a, -i [10; 1000]
ai 0.0036 0.0016 0.0011 0.0013 0.00073 |0.0000498
ao 0.72 0.79 0.66 0.47 0.283 0.092
As % 3.42 12.88 13.53 19.15 5.15 13.58

Kganparmana perpecis (i) = a, +a, -i+a,-i> [10; 1000]
a2 -0.00000082| -0.0000022 |-0.00000176 | -0.0000018 |-0.00000042|-0.0000002

am 0.00439 0.00376 0.00289 | 0.003089 | 0.00115 |0.0002555

ao 0.59675 0.452 0.389 0.1958 0.218 0.0608

As % 2.45 7.46 8.65 8.41 1.88 4.5
Excronenuiansaa perpecis s(i) = A-e®' [10; 1000]

a 0.00177 | 0.001525 | 0.00145 | 0.00212 | 0.00133 |0.0005567

A 0.892 0.6437 0.5189 0.305 0.304 0.08586

As % 13.77 22.73 23.26 33.84 11.33 15.55

Cremenesa perpecis s(i) = A-i* [10; 1000]

a 0.465 0.496 0.4898 0.717 0.35 0.2057

A 0.148 0.0788 0.0636 0.014 0.0786 0.0346

As % 8.05 9.09 11.56 16.88 6.2 9.21

I'pagixu Bimnosinaux Gynxuiit amst Cp 999 npencrasieHo Ha puc. 2-5.
Cepenns noxubka anpokcuMariii AS Jurs Ko>KHOT MOAEIN Pi3HUX KOH-
TaKTHUX MaTepialliB po3paxoByeThcs 3a popMyIoro
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m
> As,
AS =XKL (8)
m
ne Asx — moxmbka ampokcuMariii (7) A KOXXHOI MOJENI BiAIOBiTHOTO
KOHTaKTHOTO MaTepially 3a PiBHSHHSAM anpoKcHuMarii; M — KUIbKICTh J10-
caipKyBaHuX (QyHKLIH, M = 6.
1(_.':1epe,|:|,|-|l 3Ha4YeHHA AOBNMH KM MicTHa epo3ii s 3anewHo Big cTpymy |

<dhyHiia>
#*  <niHiiHa anpokcikimalia> L

s, le-d cm

0.2 L L L L L L L L L
1] 100 200 300 400 500 600 70O BOO 900 1000

i, mA

Puc. 2. Cepeoni 3nauenHs 0082CUHU MICMKA epo3il s(i) ons cnaasy Cp 999 3a

pe3yIbmamamut eKCnepuMenmy ma anpokcumosanoi pynxyicio s (l) =a,+a i

Qlepenul 3HA4eHHA QOBXMH KM MicTKa epozii s 3anewHo Big cTpymy |
: . : v :

* TUYHE ar F

0.9 1

0.8 1

s, le-d cM
o o o
(&) @ -~

<
I

03} 1

0.2

1] 100 200 300 400 500 600 700 8OO 800 1000
i, mA

Puc. 3. Cepeoni 3nauenms 008scunu micmxa eposii S ( i) ons cnnasy Cp 999 3a

. . - . )
Pe3VIbmMamami eKCRepuMeny ma anpoxcumosanoi gpynkyicio s(i)=a, +a, -i+a, i
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1Cztape.tu-ll 3Ha“eHHA AOBMWHU MicTKa epo3ii s 3anexHo Big cTpymy |
’ ' ' ' <chywiiiaz %

* EHOMK Ha anpc

s, le-4 cm
© o o o o o
kS wm [=:] = =] (=]

o
w

02 - . - . - - . - .
0 100 200 300 400 500 600 7OO BOO 900 1000
i, mA,

Puc. 4. Cepeoni snauenns dosorcunu micmia eposii s(i) ora cnaagy Cp 999 sa

o . . ai
Pe3yIbmamam. eKCHepUMeHmy ma anpoKcuMosanol QyHKyYicio S (I) =A-e

C1epem-|l 3Ha%eHHA QOBMMH MU MicTka epo3ii s 3anexHo Big cTpymy |

[ ] <pyuni>
¥  <CTENeHesa anpoKCHMaLia> /

09

08

07

0.6

0.5

s, le-d cm

04

0.3

0.2

01
0 100 200 300 400 500 600 700 B0OO 900 1000

i, mA
Puc. 5. Cepeoni 3nauennss 008xicuHU Micmka epo3ii S(i) ons cnaasy Cp 999 3a
pesyrbmamamu excnepumenmy ma anpoxcumosanoi gynxyicio s(i)= A- e
Cepenni moxubku MoJienel MicTKoBoi epo3ii (8):

e JTiHIiiHA MOJIEIb
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m
D As,
_ k=4

_ 3.42+12.88+13.53+19.15+5.15+13.58

AS =12.95%;
m 6
® KBaJpaTuiHa MOACJb
m
D Asy
AS _ k=L _ 245+7.46+8.65+8.41+1.88+4.5 — 5.56%:
m 6
o eKCHOHeHHiaHLHa MOJICJIb
m
D Asy
AS = k=1 _ 13.77+22.73+ 23.26 + 33.84 +11.33+15.55 — 20.08%:
m 6
® CTCMEHEBa MOJICIb
m
> Asy
Ag_ki  _805+9.09+1156+16.88+6.2+9.21 .

m 6

3HaYCHHS CEepPeIHBOI MOXUOKH ampokcuMmariii Bim 7% 10 15% cBia-
YUTh TPO 3aJ0BUILHO MiAiOpaHy MoOzenb, a 10 7% — mo0pe mimiOpany
mozeinsb [13].

AHaJti3 pe3yJbTaTiB BH3HAYCHHS CEPEIHBOI IMOXHOKH IOKa3aB, IO
TUTBKH allPOKCUMAIIis eKCIIOHEHITIaThbHOI0 (QYHKIIIEIO Ta€ TIOXUOKY OLIbITy
3a 15%, ToMy Taka MoJeNb He MOXKe OyTH PEKOMEH/I0BaHa B SIKOCTI MOJe-
JIi MiCTKOBOI €p03ii KOHTaKTiB.

B pe3ynbTaTi J0CIHiIKEHHS OTPUMAaHO MOJIEIi MiCTKOBOT epo3ii:

e JTiHIiiHa MOJEIb
s(i)=ay+a, i, 9)
neao=(1+8) 101 a1 =(5+360) 105;
e KBaJpaTH4YHA MOJCJb
s(i)=ay+a -i+a,-i% (10)
neao=(1+8) 10" a1=(2,6 +44)-10*,a,=— (2,0 +22) - 107;
e CTerneHeBa MOJIeb
s(i)=A-i?, (11)
neA=(14+15)-10%a=(2,1+7,1) - 10"
BucHoBku. B pe3ynbrari npoBeAeHOro NOCHiKeHHs 0yJio oTprMa-
HO Bupasu (9)-(11) mis MaTeMaTHYHUX MOJIeNIed MiCTKOBOI epo3ii crabko-
CTPYMOBHUX €JEKTPUYHUX KOHTAKTHHX Iap y BUIIAAI aireOpaiuHuX piB-

HSIHB JIIHIHHOT KBaJPaTUYHOI Ta CTENEHEeBOI perpecii Ta BU3HAYEHO 1X TO-
XUOKU 3 BUKOpHCTaHHSM Mojemorouoi cuctemun MATLAB. Ockinbku
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cepennsa noxuoOka miHiitHOT (12,95%) xBampartuanoi (5,56%), Ta creneHe-
Boi (10,17%) anmpokcumarii e nepesumrye 15%, To oTpuMaHi piBHSIHHA
MOXYTh OyTH BHKOPHCTaHI B SKOCTI MaTeMaTHYHHX MOJEJIEH MiCTKOBOI
epo3ii KoHTakTiB. Tako HEOOXITHO BIIMITHTH, 10 KBaApaTHIHA (HYHKITISA
OUTBII SKICHOIO MAaTEMAaTHYHOI0 MOJEJUTI0 MICTKOBOi epo3ii ciabkocTpy-
MOBHX CJISKTPHYHHX KOHTAKTHHX IIap, OCKIIBKH i MOXMOKa NMPaKTHYHO
BJBIYl MEHIIIA 32 IOXUOKU CTEIIEHEBOI Ta JiHIIHOT MOIEIIEH.

10.

11.

12.

13.
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MaTtemaTtunyHe Ta KOMI'I'K)TepHe MoAentBaHHA

MODELING OF CAPACITIVE EROSION OF LOW-CURRENT
ELECTRICAL CONTACTS USING MATLAB

The article considers the possibility of constructing a mathematical
model of the process of mechanical erosion of low-current electrical con-
tact pairs using the MATLAB modeling system by identification, that is,
obtaining a mathematical model of a real object based on experimental da-
ta presented in the form of algebraic equations.

Capacious erosion of electrical contact pairs and the associated transfer
of metal from one contact surface to another significantly affects the wear
resistance of electrical contacts of relays, potentiometers, potentiometric
sensors, encoders, and other low-current switching equipment. However,
the size of the bridge during contact erosion, in addition to the current val-
ue, is affected by many factors, namely: the speed of closing and opening,
clamping force, temperature, pressure and density of the environment, con-
tact geometry, contact material parameters, and other processes. Therefore,
creating a mathematical model that would take into account all the factors
that affect the capacious erosion of contacts is quite a complex mathemati-
cal task. This leads to a wide use of empirical dependencies in the form of
fairly simple power functions. The study revealed that the error given by
models using power functions is quite high and practically does not differ
from the error of models using linear functions. Therefore, to select the op-
timal cost and wear resistance of contact materials, researchers are forced
to use the results obtained by switching tests of contact materials. Howev-
er, as a result of the research, it was found that in order to reduce the error
and obtain a more adequate model, it is advisable to use a quadratic func-
tion, the use of which reduces the error by about half.

As a result of the study of contact pairs from different contact materi-
als, the following was revealed: the exponential function cannot be used as
a model of low-current electrical contact pairs; the linear and power func-
tions give quite acceptable results and can be recommended for use at the
initial stages of modeling the process of low-current electrical contact
pairs; the quadratic function is a more adequate mathematical model of
erosion of electrical contact pairs and the associated transfer of metal from
one contact surface to another significantly affects the wear resistance of
electrical contacts of relays, potentiometers, potentiometric sensors, encod-
ers, and other low-current switching equipment. However, the size of the
bridge during contact erosion, in addition to the current value, is affected
by many factors, namely: the speed of closing and opening, clamping
force, temperature, pressure and density of the environment, contact geom-
etry, contact material parameters, and other processes. Therefore, creating
a mathematical model that would take into account all the factors that af-
fect the mystical erosion of contacts is quite a complex mathematical task.
This leads to a wide use of empirical dependencies in the form of fairly
simple power functions. The study revealed that the error given by models
using power functions is quite high and practically does not differ from the
error of models using linear functions. Therefore, to select the optimal cost
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and wear resistance of contact materials, researchers are forced to use the
results obtained by switching tests of contact materials. However, as a re-
sult of the research, it was found that in order to reduce the error and obtain
a more adequate model, it is advisable to use a quadratic function, the use
of which reduces the error by about half.

As a result of the study of contact pairs from different contact materi-
als, the following was revealed: the exponential function cannot be used as
a model of low-current electrical contact pairs; the linear and power func-
tions give quite acceptable results and can be recommended for use at the
initial stages of modeling the process of low-current electrical contact
pairs; the quadratic function is a more adequate mathematical model of.

Key words: contact pairs, mathematical model, dynamics of electrical
processes, regression analysis, electrical erosion.
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®OPMAII3ALIA NPEACTABJIEHHA
NPOAOYKUIMHNX NPABUI B ERLANG

Y crarTi 3anpomnoHoBaHO (opMmarizamilo TMPEACTABICHHS B
Erlang mpoaykuiiiHOT Mozieni pecTaBIeHHs 3HaHb Ta BiAMIOBIIHE
NpPE/ICTaBICHHS MPOIYKIIHHUX MPaBHJ, YMOBHA YaCTHHA SIKHX Bi-
IIIOBIA€ JIOTIM MEPIIOTO MOPSAKY. MeTol poOOTH € CTBOpPEHHS
¢ynrkuii Erlang, sxa He Tinbku npencrasise B 0a3i 3HaHb PABHIIO
BHCHOBYBAaHHSI, & TAKO)XK BUKOHY€ HOT0 aKTHBI3aIli0 PH BUKIIUKY.

HaBenmeHo BimoMocTi Mpo iCHYIOYI peasisallii JIOTi4YHOrO BH-
cuoByBaHnHs B Erlang 3a o6oma migxogamu 10 popMyBaHHS MipKy-
Banb: noriuaum — Erlog ta npoxyxuiitnum: ERESYE, SERESYE
ta RUNES II. O0rpyHTOBaHO MOUUTBHICTE po3poOneHHs 1 Er-
lang BiacHOro MexaHi3My MipKyBaHb, 1110 0a3y€ThCs caMe Ha Bilac-
THUBOCTSX 11i€] MOBH MIPOrpaMyBaHHSI.

BusHaueHo 0a30Bi MPUHIMIH KOHIEMII] JOT1YHOTO BHCHOBY-
BaHHS 3a MPOJYKUIHOI MOJIEIUII0, OPIEHTOBaHI Ha e(eKTHBHE
BHKOPHCTaHHs BOYIOBAaHOrO MexaHi3my criBcraBienHs Erlang,
JUIsl TIPUCKOPEHHsI JIOTiYHOTO BHCHOBYBaHHs. B 3amporoHoBaHii
(dhopmarizaiii Ko’KHa OJHHUIIS MPEACTABICHHS Ma€ Ba BU3HAUYCH-
HS 3a CHHTaKcucaMu Jorikd ta Erlang. ®opmarrizariro BimoBigHO
IO PiBHIO 00’€KTIiB MPENCTaBICHHS PO3MOALICHO HA TPHU YaCTHHU:
BH3HAUCHHs 0a30BHX €JIEMEHTIB JIOTIKH, MPEICTaBICHHS YMOB JIO-
riYHOrO BHCHOBYBaHHs (3pa3KiB i (hakTiB), MpeAcTaBIeHHs Oe3ro-
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