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3ACTOCYBAHHSI METO/IB TEOPII ILTAHYBAHHS EKCHEPUMEHTY
JJIA JOCIIZKEHHA EKOHOMIYHOCTI IIHEBMO/JIBHUI'YHA

®inarosa I'. €.}, Hikiruenko I. M.%, Tecaenko E. B.2, Crpitenns M. B.2, Cauu JI. B.
"Hanionanbuuii Texniunmii YHiBepcHTeT
«XapkiBcbknii noJitexHiyaui incruryr» (HTY "XIII")
ZXapKiBCLKI/Iﬁ HALIOHATBbHUI aBTOMOOJILHO-10POKHIH YHiBepcuTeT

Anomauia. Y cmammi 3 8UKOPpUCMAHHAM KOMN'TomepHo2o moolentosants 6 cepedosuiyi MATLAB
NPOBEOeHO NOBHUL (PAKMOPHUL eKChepuMenm Oas ONmuMizayii pobouoco npoyecy nHesMamuiHo2o
08u2yHa, ni0 4ac 5K020 30UUCHEHO AHANI3 6NAUGY HE3ANeHCHUX NAPAMEempis (Kymie eioKpummsi-
3aKpumms K1anauie) Ha 1oeo numomy inouxamopmuy eumpamy nogimps. 1lio uac excnepumenmy
OMPUMAHO DIGHAHHS pezpecii 0pye020 NOPAOKYy Ma SU3HAYEHO (hakmopu ma ixHi 63aEMONOEOHANHS,
Wo 6NIUBAIOMb HA NAPAMEMD BIO2YKY.

Knrouoei cnosa: ghaxmoprnuii excnepumenm, nHEGMaAmMuiHUll 08USYH, PIGHAHHS pespecil, 6NYCKHUL ma

GMHyCKHMIZ KaanaHu.

Beryn

CydacHuii aBTOMOOIUTEHUI TTHEBMATHYHUM
meuryH (I1[1) € ckmagHOI0 NMHAMIYHOIO CHCTE-
MOI0 3 B32€EMOIOB'SI3aHMM BIUTUBOM MeEXaHid-
HUX, Ta30/IMHAMIYHHX 1 TEII0(Qi3UYHUX Mpole-
cax, W0 3IIMCHIOIOTBCA B HMOro eJjeMeHTax,
By3JlaX, arperarax i cuicteMax JBUTYHA.

Be3BiIMOBHICTh 1 TEXHIYHO PECypC CHCTEMH
noBiTponioctadanHs (CII) € omHi€0 3 TOTOBHUX
CKIIQIOBUX HAIIHHOCTI OyAb-IKOi €HepreTHIHOL
MTHEBMATHYHOI yCTAaHOBKH, OCKIIBKH 115l CHCTEMA
3abe3meuye podoty I1/] Ha Oyap-IKuX pexmmMax
eKCIDTyaTarlii.

[MuTanHs gOCTIKEHHS TPOIecy (PYHKIIIO-
nyBauHst CII [1/] momsiraioTs y BUpIIEHH] ABOX
OCHOBHHX B32a€MOIIOB'SI3aHUX 3aBJIaHb — aHAJi3y
Ta 3a0e3neueHHs (CHMHTE3Y) HEOOXiIHOTO PiBHS
ekonomiudocti I1J[, mo gocsraerscs 3a JOIMO-
MOTOIO BIAIIOBIJHUX MATEMATHYHUX METOIIB.

BupimeHss uporo 3aBiaHHA TOB'SI3aHE 3 Be-
JUKUMH TPYAHOLIAMH, TOMY IO HMOBIpHICTb
ekoHOoMHOI pobotu I/l 3amexuts Big Oe3midi
¢akropiB, 30Kkpema Bix  QaxTopiB podOYOro
cepeoBuia (TUCK CTHCHEHOT'O MOBITPS, CKJIaJ
TOBITpPSI), KOHCTPYKTUBHHX, EKCIUTyaTalliiiHuX,
peXUMHUX (DaKTOPIB TOIIO.

3aBIaHHA YCKIAIHIOEThCS 1€ W TUM, LIO
BIUIMB 0arathoX (PakTopiB Ha BUXIAHY (YHKILIO €
HEOJHO3HAYHMM, 1 BOIHOYAC HA HEl JOCUTH icTO-
THO BIUIMBAIOTH IAPHi Ta MOTPilHI KOPEJsLil.

AnaJji3 myoaikanii
AmHani3 JitepaTypu npoaeMoHcTpyBas [1-7],
IO BEJIMKA KIJIBKICTh 3aKOpAOHHHUX (ipM, sKi
BUKOPUCTOBYIOTh II€pEeBard IHEBMOJBHUIYHA,
3MIACHIOIOTh TPOLECH, IO IMiABHUINYIOTh HOTO
e(eKTHBHI OKa3HUKH.

Haii6inbmn cyTTeBO MOXKHA 3MCHIIMTU BU-
TpaTy TOBITPA 3aBISKH 3aCTOCYBaHHIO Kia-
MaHHOI CHCTEMH IOBITPSPO3MOILTY 31 3MIHHH-
MU (a3aMHu Ta MiIIrPiBOM CTUCHEHOTO TOBITPS
Ha BITYCKY.

Opnnak BuOip (a3 ra3opo3mnojiyly € JOCUTh
CKJIQJIHUM 3aBJIaHHSM.

KpiMm 3acTocyBaHHS MaTeMaTH4HOTO MOje-
JIIOBAaHHS, BUHUKAE HEOOXITHICTh B €KCIICPUME-
HTaJbHIA TepeBipIli pe3yibTaTiB JOCHIHKEHHS.
3acTocyBaHHS (DAaKTOPHOTO EKCHEPHMEHTY JO-
3BOJIUTH CKOPOTHUTH KiJIbKICTh TIEPEBIPOK Ta Yac
EKCIIEPUMEHTY.

Mera i mocTaHOBKa 3aB/IaHHA

HasBHi ciocoOu BupimieHHs i€l mpoOiaemMu
HE Jal0Th MOXJIHUBOCTI 3MIHCHUTH TOYHHUU
PO3paxyHOK B aHaiTHYHOMY BUDIIAAl. OnHak
SKIIO CKOPUCTATHCS METOJAMH €KCTPEMAIIEHOTO
IUIAaHYBaHHS ~€KCHEPHUMEHTY, TOOTO TOAaTH
JOCII/DKYBAaHUH O0'€KT SIK  «UOPHHUU  SIIIIUKY,
MOJKHa 3 JIOCTaTHIM CTyN€HEM TOYHOCTiI OTpH-
MaTH 3aJIeKHICTh IMOBIpHOCTI 0€3BiIMOBHOCTI
poboru Il Bixm dakropis, mo Ha Hel BIUIMBa-
I0Tb.

MeTo10 poboTH € TIPOBEJICHHSI TOBHOTO (ha-
kropHoro ekcriepumenty (IIDE).

3apaanHs po6OTH: Ha MiACTaBi aHai3y Ji-
TepaTypH 3 OrJIsily Ha BapiiioBaHi (pakTopu BHO-
patd IUIaH MPOBEJCHHS EKCIEPUMEHTY Ta TOo-
OynyBatu rpadiuHi 3ajie)KHOCTI BIUIMBY (hakToO-
piB (KyTiB BiIKPHUTTS-3aKPUTTS BIYCKHUX Kila-
NaHiB) Ha THTOMY €(EKTUBHY BUTpATy CTHCHE-
Horo noBiTps B [1J] i BuU3HAUMTH iXHIH BIUIMB
Ha 1HJUKAaTOPHY BUTPATY MOBITPSI.
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Bukian ocHoBHOro Mmartepiany

VY poboTi OyB BUKOpPHCTAaHHH LEHTPAIbHUH
KOMIIO3HUIIIHHAN POTOTA0ENBHUI TUIaH APYroro
HOPSIZIKY, 3anpornonoBanuii Box i Behnken [8].

[TomepeaHbo 111 3MEHILEHHS KiTBKOCTI eKC-
nepumenTiB Metogom Plackett and Burman [9]
OyJ0 TMpOBENEHO BIACIIOBAaHHS MAaJIO3HAYHUX
daxTopiB. Ix BapiroBaiu Ha TPHOX PiBHIX.

Koxen i3 mocmifiB mpoBOAMBCS 3TiHO 3
IJIAaHOM TIOEMHAHHS BHOpaHUX 3MIHHUX Xi, X3,
X3, X4 (hakTOpiB:

Y = (X, X5, X5, X,) (1)

ne X; — MOMEHT BITKPHUTTS BITyCKHOTO KJIalTaHa
@ (10, O, 10° nkB); X; — MOMEHT 3aKpHTTS
BITYCKHOTO KJiamaHa @y, (160, 170, 180° KB);
X3 — MOMEHT BiAKpUTTS BUIIYCKHOTO KJaraHa
¢sin (170, 180, 190° NKB); X4 — MOMEHT 3aKPHUTTSI
BHUITYCKHOTO KJIamaHa @g; (270, 280, 290° TKB).

Jns aHamizy B3aEMOBIUIUBY TPhOX YMHHU-
KiB 3HaJ00UTHCSA TPOBENEHHS 18 excnepuMeH-
TiB. ¥ IIbOMYy BHMAIKYy, KpPiM MMapHUX, OYAYyTh
BpaxoBaHi 1 BCI 1HII BUJIUA KOPEJISIIIH.

Oyukmiero Buxony ¢ IIDE e iimMoBipHICTH
MiHiMi3amii TUTOMOI epEeKTHBHOI BHUTpATH CTH-
cHeHoro nositps [1/], mo BpaxoBye 3MiHy HOro
sIKOCTI B miporieci ekcrutyaTarii [1C [10].

I'onoBHOIO BUMOTOIO IO MOJENI € 3MaTHICTH
nepeadavaTy HampsM MOJANBIIUX JOCHTIIIB ca-
Me 3 HEOOXiAHOIO TOYHICTIO.

Y 1pOMy BHNAAKy CKCICPHUMEHT MOXKHA
MIPOBECTH K Y pearbHOMY 00'€KTi, TaK i 3 HOTO
MaTeMaTH4uHOI0 Moaestio [11, 12, 13].

VY Teopii MIaHyBaHHS E€KCIIEPUMEHTY Chop-
MOBaHI BHMOTHY Ta YMOBH, SIKi MalOTh BPaxoBYy-
BaTHCA MiJ 4ac BHOOpPY 3alexHHUX (BIATYKIB,
BUXO/iB, QPYHKII MEeTH) Ta He3aJIe)KHUX 3MiH-
HUX. 3ajexHa 3MiHHA Mae OyTH €IWHOI W Ofl-
HO3HAYHOI0, MAaTH TOYHWHA  (I3MYHUI 3MiCT,
BU3HAYATHCS YHCIIOM.

TakuM YHMHOM, HEOOXIHO 32 TOTIOMOT'OK0 €K-
CHIEPUMEHTY, SIKUil MPOBOJUTUMETHCS 32 YMOBHU
HEBIJJOMUX 3HAYCHb MEXaHI3MIB SIBUII, MO0Y-
JlyBaTH MaTeMaTH4YHy MOJIENb, sKa 3B'SI3y€ IH-
TOMYy e(EKTHBHY BUTpaTy MOBITPA i IO BHU-
3HAa4YaeThcs BHpaszoM (2), 3 yciMa 3MIHHUMH
(dakTopamu), Bijl SIKUX BOHA 3aJICKHUTh.

BiamosigHo m1o BuOpaHOro miany 0ysio mpo-
BEJICHO Ta paHAOMi30BaHO B 4aci 18 mocmimis.
KoskeH 3 HUX MOBTOPIOBABCS 3 pasu, IS OO
Oyna BUKOpHCTaHa iMiTaliliHa MaTeMaTH4YHa
Monenb ¢yHkmionyBanHs I1/] 3 ypaxyBaHHAM
CTaJIOCTI SIKOCTI IMapaMeTpiB CTHCHEHOTO IOBIT-
ps, peamizoBaHa B MPOTPAMHOMY MPOJYKTi
MATLAB.

MareMaTtnaHa MOJIEIh TICHS peanizarii mToc-
maiB [IOE mae Takuil BULIIAA;

y=by+b +b, +b;+b, +

+b,x, —b,x, —byx; —b,X, +
012X, =ByX X5 —by %X, +
+D23X, X5 + DagXy Xy — b3y X5X,

. (@

ae y — QyHKLiA BUXOAY; Xi, X, ..., Xn — (PaKTOpH
KepyBaHHS; bi, bj ,..., b, — xoedinientu perpe-
cii.

Hnst po3paxyHky koedimieHTIB 1miei momedri
0ys10 MOOYA0BaHO PO3UIUPEHY MATPUINIO TIIaHY-
BaHHS Ta Pe3yJIbTATIB eKCIIepUMEHTY (Tadu. 1).

Posrnsmaroun oTpuMaHy MoiHOMIaNbHY MO-
nenb (3), MOXKHA Ha TIJICTaBi IESKUX MaTeMaTH-
YHUX KpUTEPIiB aHali3y JOCHThH 4iTKO BU3HAYH-
TH 11 aJeKBaTHICTh a00 HealeKBaTHICTb BiIIO-
BiJTHO JI0 TIPOIIECIB, IO PeaTbHO BiOYBAIOTHCS.

IToxiOna MojenaL MO3BOJISE BU3HAYMTH, Ha-
CKUTPKH BEJIMKHWHA BIUTMB OKpeMHuX (haKTOpiB Ha
CHUCTEMY, a TaKOX ixHiil B3aemoBILuB. Koedii-
€HTH perpecii po3paxoByBaiu 3a (OPMYIOI0

=}

b = Vi
0 1yJ

@)

Mo

—
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UN

X;i Vi

Sk Nl
T

[Micns  peamizanii TpUpiBHEBOI YOTHpHUDaK-
topHOi Moneni [IDOE Ta BU3HaYeHHS CTaTUCTHY-
HOT'O 3HAa4YeHHs KOXXHOro 3 15 koedimieHTiB
piBHSHHS perpecii (4) MOXKHa 3alTUCATH TaK:

y =9782,53196 + 0,25999 x”+ 0,17997 X’ +
+0,05697 XZ+0,03 X; +2,5924 x ;-

—62,9952 x,— 19,9449 x3— 17,298 x 4+
+0,2644 x, x, —0,09998 x; x3—
- 0,09998 X1X4+ 0,0044 Xox3+
+ 0,002 XoXq4— 0,00446 X3Xq . (4)

[NepeBipka BiATBOpEHHS EKCIIEPUMEHTY Oy-
J7ia 3/1iliCHEHa 3 BUKOPUCTaHHIM KpuTepito Kox-
peHa, a CTyIMiHb 3HAYeHHs KOe(]illi€HTiB, OTpH-
MaHMi 3a kputepieM CThIOZEHTa HA OCHOBI Ma-
payieIbHUX JOCIIIIB, BU3HAYAE 3HAUEHHS BCIX
koediumieHTiB piBHAHHA. BomHouac  rimoresa
PO a/JIeKBaTHICTh MaTeMaTH4YHOI Mozeni (4) 3a
kputepiem @imepa He 3amepedyeThes, SKIIO
piBeHb 3HAUCHHS CTaHOBHUTH 5 %.

OtpumyeMo rpadidfi 3aI€KHOCTI BIUIUBY
(hakTopiB, 110 BapitOIOTLCS, HA MMUTOMY €(PEKTH-
BHY BUTpATy CTHCHEHOTO MOBITps (pHc. 1).


https://www.stat.cmu.edu/technometrics/59-69/VOL-02-04/v0204455.pdf
https://www.stat.cmu.edu/technometrics/59-69/VOL-02-04/v0204455.pdf
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Tabmurs 1 — Po3mpena MaTpuils IiaHy Ta pe3ynbrariB 18 mocminis

dakTopi Butpata nositps G kr/( kBt rog )
CeplﬂBl;I:Ir;p06y- P upn D xen D ugin P xain HOBTOpHi BHHpO6yBaHHfI Zicl—:lzll)leei[ll:{z
X X X X, 1 2 Bicp

1 0 0 0 0 41,09 41,46 41,83
2 -1 -1 -1 -1 98,3 99,01 99,72
3 -1 +1 +1 +1 58,58 58,63 58,68
4 +1 -1 +1 +1 57,87 57,32 56,77
5 +1 +1 -1 +1 122,53 121,86 121,19
6 +1 +1 +1 -1 142,58 142,37 142,16
7 0 +1 -1 -1 72,76 71,88 71

8 0 -1 +1 -1 83,33 82,85 82,37
9 0 -1 -1 +1 64,59 63,3 62,01
10 +1 0 -1 -1 120,54 120,5 120,46
11 -1 0 +1 -1 72,43 71,11 69,79
12 -1 0 -1 +1 50,85 51,08 51,31
13 +1 -1 0 -1 101,98 101,85 101,72
14 -1 +1 0 -1 40,68 41,48 42,28
15 -1 -1 0 +1 104,16 103,99 103,82
16 +1 -1 -1 0 95,6 94,77 93,94
17 -1 +1 -1 0 34,36 33,92 33,48
18 -1 -1 +1 0 117,11 116,46 115,81

vaadn ol

Puc. 1. T'padiuni 3ame:xHOCTI Bif BIUIMBY (akTOpiB (KYTiB BiAKPHTTA-3aKPUTTS KJIANaHiB) HA THTOMY
IHIMKATOPHY BUTPATy CTUCHEHOTO moBiTps B [1]]
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Ha puc. 1 naBemena xapakrtepuctuka [1]]
MUTOMOI 1HIAWKATOPHOI BHUTPATH IOBITPS SIK
(GYHKIIIST KyTiB BIIKPUTTSA-3aKPUTTS BILyCKHOTO
Ta BUITYCKHOTO KJIaIlaHiB.

BucHosku

Y po0OTi JOCATHYTO METH, TOOTO MPOBE-
JIEHO TOBHUN  (PaKTOpHHUU  EKCIIEPUMEHT
(II®E). Ha ocHOBi anamizy nitepatypu 3 ypa-
XYBaHHSM BapiiioBaHUX (PaKTOpiB BHUPILIEHO
3aBJaHHS — 3MIMCHEHO BHOIp TUIAaHy TpPOBe-
JICHHS eKCTIEPIMEHTY.

[MoOynoBaHO TpadivHi 3aJI€KHOCTI BIUIUBY
¢dakTopiB (KyTiB BiAKPUTTSA-3aKPUTTSI BIYCK-
HUX KIJIAMIaHIB Ha MUTOMY €(eKTUBHY BHTPATY
ctucHeHoro moBiTps B IIJ] Ta BHM3HAUEHO iX
BIUIMB Ha iHAMKATOPHY BUTPATy HOBITPAL.

3rigHO 3 BHWINE3a3HAYCHUMH 3aJIeKHOCTS-
MH, TTUTOMa eQEeKTUBHA BUTPATa CTHCHEHOTO
MOBITPsL i 3pOCTae 3i 30UIBIICHHAM 3aKPHUTTS
BITYCKHOTO KJamaHa (X;) Ta 3aKpUTTS BUITYCK-
HOro KiamaHa (X;). 30umbmIeHHs abo 3McH-
IICHHS KYTIB BIJKPUTTS BIyCKHOro (Xi) Ta
BUITYCKHOTO (X3) KJamnaHiB, 3aKPUTTS BHITYCK-
HOTO KJIallaHa TaKOXX MPHU3BOJUTH IO 301Tb-
[ICHHS TUTOMOI €()eKTHBHOI BUTpPATH CTUCHE-
Horo noBiTps B [1/].

3nilicHeHO 0OaraTo(akTOpHy ONTHMI3AIlii0
po6otu I1IT D / S = 9,2/9,2. Tlix yac anamizy
pO3paxyHKiB OTPUMAHO TaKi ONTUMAaJbHI ma-
pametpu: g, =0,4, &, = 1, €3 = 0,75, p,,= 0,7 Ta
n=xs LY npomy Bunanky N; = 2,23 kBt ta
0i = 32,90 xr/rox.

TakuM 4yMHOM, JJIs1 3HUKEHHSI TUTOMOI BHU-
Tpatu CTHCHeHoro moBiTps B I1J] 3aramom
MOJKHa PO3POOUTH 3aXOAW KOHCTPYKTHBHOTO
TUIy, CIPSIMOBaHI Ha MOJICPHI3AIII0 CUCTEMH
MOBITPOTNIOCTAYaHHS Yepe3 3aCTOCYBaHHS eie-
KTPOTiAPaBIIYHOTO MIPUBO/IA KIIATIaHIB.
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Application of methods of experiment
planning theory for assessing the economy
of a pneumo-engine

Abstract. Problem. In the article, using computer
modeling in the MATLAB environment, a full
factorial experiment was conducted to optimize
the working process of a pneumatic engine,
during which the influence of independent
parameters (valve opening-closing angles) on its
specific indicator air flow rate was evaluated. As
a result of the experiment, the second-order
regression equation was obtained and the most
significant factors and their mutual combinations
affecting the response parameter were
determined. Goal. Conduct a full factorial
experiment (FFE). Task: based on the analysis
of the literature, taking into account various
factors, select the plan for conducting the
experiment. To construct graphical dependences
of the influence of factors (angles of opening and
closing of intake valves on the specific effective
flow rate of compressed air in the pneumatic
engine and to determine their influence on the
indicator air flow rate. Methodology. The
central composite rotatable plan of a different
order proposed by Box and Behnken was used
in the work. Previously, in order to reduce the
number of experiments, the Plackett and
Burman method was used to filter out
insignificant factors. The factors varied on
three levels. The subject of the study is the
relationship between the specific indicator
flow of compressed air and the opening-
closing angles of the pneumatic engine valves.
Results. It can be seen from the above
relationships that the specific effective flow
rate of compressed air g i increases with an
increase in the closing of the intake valve (X2)
and an increase in the closing of the exhaust
valve (X4). Increasing or decreasing the
opening angles of the intake (X1) and exhaust
(X3) valves and the closing of the exhaust
valve also leads to an increase in the specific
effective flow rate of compressed air in the
pneumatic engine. A multifactorial optimiza-
tion of the operation of the pneumatic engine
D /S =09.2/9.2 was carried out. As a result of
the analysis of the calculations, kW and kg/h
were obtained. Originality. The proposed
method of determining the extremum of the
specific indicator flow rate of compressed air.
This is achieved by conducting an extreme
experiment to construct a multifactor response
function followed by solving the unconditional
optimization problem using the simplex
method. Practical value. The dependence of
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the minimum specific indicator flow rate of
compressed air on the angle of valve opening
and closing is selected as parameters for
assessing the technical level of pneumatic
engine.

Key words: factorial experiment, pneumatic
engine, regression equation, intake and
exhaust valves.
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