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AHortanisi. BuknaeHO pe3ynbTaTH JOCIHIUKCHHS 3aJISKHOCTI IOXMOOK IPOTHO3YBaHHS 3HAUCHHS TEMIIEpaTypH i3
BUKOPHUCTaHHSIM HEHPOHHMX MEPEX Bill PO3PSIHOCTI aHAJIOroBO-IM(POBOro mneperBoproBaya. ONHCAHO aJrOPUTM CTBOPEHHS
TECTOBHMX IIOCIiZIOBHOCTEHl Ta HaBUaHHA HEHPOHHUX Mepex. HaBeneHO pe3ynbTaTH [OCHIIKEHHS 3aJICKHOCTI MOXUOKH
MPOrHO3YBaHHS 3HAYEHHS TEMIIEpaTypH BiJ KiNbKOCTI BXOAiB HeWpoHHOI Mepexi Ta Bix pospaaHocti ALIIL IMonaHo pesynsraTn
JIOCHIIZKEHHS 3aJISKHOCTI CepeiHbOl MOXHOKK MPOrHO3YBAaHHS 3HAYCHHS TEMIIEPATYPH Ta 3aJIeXKHOCTI aOCONIOTHOI HENEeBHOCTI
MPOrHO3YBaHHS 3HAYCHHS TeMIepaTypH Bix po3psaaHocti ALIIL

KurouoBi ci10Ba: HelipoHHA Meperka, IPOrHO3yBaHHs 3HAUCHHS TeMIepaTypH, TeMIIEpaTypHHUil epexinHuii npouec.

Annotation. Current article describes the results of the study of the error of temperature values prediction using neural
networks. In the introduction, the authors consider previous research pointing out problems that arise during measuring the high
temperatures. To solve these problems the neura networks applies. The formula for temperature transition processis derived.

Dependence of the temperature value prediction error by neural networks on the ADC resol ution is considered. Algorithm
for creating and teaching neura networks is studied. Sequences modeling for the neural network training and the equation for
calculating the absolute error of temperature prediction are given. Data used by the neura network are quantized by the level. The
number of quantizing levels depends on the ADC resolution. Thus, while processing the results of measurements by the neural
network, additional error rises caused by ADC resol ution.

Results of the study of dependence of the temperature value prediction error on the number of network inputs and on the
ADC resolution are presented. They envisage that the prediction error decreases with ADC resolution growth and the inputs
amount in the neural network reduction. Also, lower predicting temperature values errors are located in the middle of the
temperature range of the object of measurement.

Also the dependence of average error and absolute uncertainty of the temperature value prediction on the ADC resolution
are studied. Equations for computing the mean temperature error, standard deviation and uncertainty are deduced. Table with
results of the study of temperature val ue prediction error for quantized dataand for double type of datais given. In result, we have
defined the temperature prediction error dependence on the ADC resol ution.

Key words: neurd network, temperature prediction, temperature transition process.

Beryn Marepianu Ta MmeToaAn
Y  3ampornoHOBaHOMY METOMI MPOTHO3YBAaHHS
3HAaYeHHs TEMIEpaTypd 3a MEePexXifHUM IPOLECOM i3
BUKOPHCTAHHSIM HEHpOHHUX Mepex [1] 3acTocoByeThCs
MOJENb TEMIICpPAaTypHOIO IIEPEXiJHOro IPOIeCy, IIO0

Y crarti po3mIIHYTO HEHPOHHY Mepexy 3
apXiTEeKTypOIO MpsiMoro momupeHss [4, 5], mo mae asa
nrapu [1]. Tlix yac AOCTiIKeHb MOJIETIOBAHHS TeMIle-
ormcyersest Bupasom [2, 3: PATYPHOTO MEPEXiHOrO MPOLECY 32 BHPA3OM (D) mma

tht 3Ha4YEeHb TemIlepatypu o0’ ekra B miamasoni Bix 200 mo
T(t)=Te+(To- Tp)(1- €' ), 1 N N
220 °C 3 xpokoM AT, = 0,5 °C (puc. 1) 3HaueHHs vacy t
zie t —yac; T — craja Jacy IEpBUHHOIO IEPETBOPIOBAYA;  3MiHIOBajoch Big O 1o twm 3a yac BUMiprOBaHHA tym
’ . . .
T, — Temmeparypa 00'exra BUMIpIOBaHHSI; Tp —  po3paxoBaHO N 3HAYEHH TEMIIEPATYPH MEPEXiTHOTO TPO-
HO9aTKOBE  3HAYCHHA  TCMIICpATYpH  IEPBMHHOIO  yiecy. KoKHOMY 3HAYEHHIO TEMIIEPATYpH 00’ €KTA BHMi-
nepeTBopIo.Baqg, T —noroune 3HaqueHHH TCMIIEPATYPH. PIOBaHHSA BiJIOBIIA€ MIEBHA TECTOBA MOCTIIOBHICTE T77;.
JlaHi, siKi BUKOPUCTOBYE HEHpOHHA Mepexa, KBaH- 3mavenns Temmeparypn T, B keamtax N,

ToBaHI 3a piBHeM. KUIbKICTH pIBHIB KBaHTYBaHHS . .
; ) OTpHMAaHE 3a MEePEXiIHUM TPOIECOM Ha MPOMIKKY dacy
3QJICKUTh B PO3PSIHOCTI KOHKPETHOT'O aHAJIOTOBO- ]
tyym, BU3HAUA€THCA 32 (POPMYIOLO:

mupposoro meperBoproBaua (AIIT). Otxke, mig dac

OIpalllOBaHHA pE3YIbTaTiB BUMIPIOBaHb HEHPOHHOIO N, = (T| - Tl)(NZ - Nl) /(T2 - Tl) +N,, 2)
MEpEXeI0 BHHHUKAE JOJAaTKOBA IOXHMOKa, 3yMOBIICHA

pospsanicTio ALTL ne T, — 3HayeHHs TeEMIEpaTypd, LIO BiAroBimae

nepuioMy piBHio kBaHTyBamHs (T, = 0 °C); T, —

Mera poboru 3HAYCHHS TEMIIEpaTypH, IO BiJIOBiga€ OCTAHHHOMY

Mera poOOTH — [JOCHIDKEHHS 3aJIeKHOCTI pisiio ksantysats (T = 250 °C); Ny — nepumii pisenn

HNOXHOKM  TPOTHO3YBaHHSA  3HA4YeHHs  TeMIieparypu  KBAHTYBaHHA AHIT (N; = 0); N — ocrauHiii piBeHb
HefpOHHUMH MepesxaMH Bij pospanHocti ALIIL kBaHTyBaHHS ALIII, sikuii BU3HAYA€THCS 33 (OPMYIIOIO:
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N, =2™-1, 3)
e Mg —po3psaHicts ALITT.

'y
T,C

tym

Puc. 1. Macue ananocosux mecmosux nociioogHocmell

Fig. 1. Array of analog test sequences

3HadyeHHs TeMmIeparypu TKV, i3 ypaxyBaHHIM
KBaHTYBaHHSI OOYHCITIOETHCS 32 BUPA30M:

Tk = (T - T)(N; - N )/(No- N +Ty (4)

HeiipoHHa Mepeka HaBYanach Ha MacuBi OTpH-
MaHHX KBAaHTOBAaHHMX TECTOBHX IOCIiIOBHOCTEH (puc. 2)
13 ypaxyBanHsM po3psiaHocti AL,

Hanani HaBueHy HEHpOHHY Mepexy BHKOpHC-
TOBYBAJIW JUTS TIPOTHO3YBaHHS 3HAYEHHSI TEMIIEPATypH 3a
HEepEXiIHUM MPOLECOM Ta PO3PaXOBYBAJIH aOCONIOTHY
noxubky AT 3a ¢popmymnoro:

DT =Tog - T, ©)
ne Tpr — MPOrHO30BaHE 3HAYEHHS TeMIeparypu; T, —

Temmeparypa 00’ €KTa BUMIpIOBAHHs IS i€l TeCTOBOI
TIOCITiIOBHOCTI.

AT AT
0.03

0.02 0.01
0.01 0.005

Bxio HM Buxio HM

Puc. 2. Bxoou ma 6uxoou neuiponnoi mepexici

Fig. 2. Inputs and outputs of neural network

AOCONIOTHY TOXMOKY TMpPOTHO3YBaHHS po3pa-
XOBaHO U TPHOX 3HAYECHb TEMIICPATYpH 00 €KTa BUMi-
proBanns: 200 °C, 209,5 °C, 220 °C i3 BUKOPHUCTaHHAM
THX CaMHUX TECTOBHX IIOCITIIOBHOCTEH, Ha SKHX
HaByYajach HelpoHHa Mepexa. Ha puc. 3 momaHo 3amex-
HICTh MOXHMOKU TPOTHO3YBAHHS 3HAYCHHS TEMIICPATYPH
Bim pospsaHocti AIIIl Ta Bix KUIBKOCTI BXOJIB
HeHpoHHOT Mepexi. JloCmipkeHO ABAIIATh HEHpOHHUX
Mepex, AKi BIAPIZHAIOTHCS KiIbKicTIO BXomi N: 10, 20,
... 200. Pospsmuicts ALIII 3MmiHtoBanacs Bix 16 mo 24.
HapuanHst HeHpOHHHUX Mepex 31iiicHeHo Ha 41 TecToBiit
MTOCITI IOBHOCTI.

BpaxoByroun pesyaprati (puc. 3), MOXHa 3poO-
OUTH BHCHOBOK, 1110 3i 30inbIIeHHsM po3psiaaocti AL
Ta 3MEHIIEHHSM KUIBKOCTI BXO/IB y Mepexi MoxuOka

MPOTHO3YBaHHS  3MeHHIyeTbes.  OTxke,  JOLIJIBHO
BCTaHOBJIIOBaTH He Ounbiie Hixk S50 BXomiB HEHpPOHHOL
Mepexxi Ta BukopuctoByBatm AIIl 3  Bumow

pospsimHicTio. KpiM TOro, MeHmn IOXHOKH ITPOTHO-
3yBaHHs 3HAYEHHs TEMIIEPATypH MICTATHCS B CEepeIuHi
Jliarna3zoHy TeMmneparyp 00’ €KTa BUMipIOBaHHS.

Puc. 3. 3anexcnicmov noxubku npoeno3yeanns 3naients memnepamypu 6io pospaonocmi ALII ma 6io xinbkocmi 6x00i6 netipoHHOT
mepedici: a — onst memnepamypu 06'ckma sumiprosanns 200 °C; 6 — ons memnepamypu 06'ckma sumiprosanns 209,5 °C;
6 — ona memnepamypu 06'ckma gumipioganns 220 °C

Fig. 3. Dependence of temperature value prediction error on ADC resolution and on number of neural network inputs:
a —for measurement object temperature 200 °C; 6 —for measurement object temperature 209,5 °C;
¢ —for measurement object temperature 220 °C
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JlocnmipkeHO  3aJIeKHICTh  CepenHbol  TMOXHOKH
MPOTHO3YBaHHS 3Ha4YeHHs Temmeparypu (puc. 4) Ta
3aJIeKHICTh a0CONIOTHOI HEMEBHOCTI IPOTHO3YBaHHS
3Ha4YeHHs TeMmepatypu (puc. 5) i pospsamHocti ALIIL

CepenHe 3HaYeHHS a0COTIOTHOI MMOXUOKH ITPOTHO-
3yBaHHsI TeMreparypu A Ts po3paxoBaHO 3a BUPA3OM:

1p
DTy =—a DT;, (6)
mi=1
Je M — KIJTBKICTh MOCHi/DKeHb (Y LbOMY BHIAJAKY

m = 100); AT; — abconroTHa MOXUOKA MPOrHO3yBAHHS
3HAYCHHS TEMITEPATYPH IS KOKHOTO JTOCTi IKEHHS.

Jlyis BU3HAYEHHST HEMEBHOCTI MPOrHO3YBAHHS 3Ha-
YeHHsST TEMIIEpaTypH PpO3PAaXOBAaHO CTAHIAPTHE BiIXH-
JIEHHSI 0 33 (HOPMYIIOIO:

ip
s =,/—4

2
mi:l(DTi - DTg)". (7

02 - 200 °C
== 2095 °C
iy 220 °C

Puc. 4. 3anexcnicmo cepednvoi noxubku npoeHo3ysanHs
3Hayenns memnepamypu 6io pospsaonocmi AL

Fig. 4. Dependence of mean error of temperature value
prediction on ADC resolution
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Puc. 5. 3anexcnicmo abconiomnoi nenegnocmi npocHo3y8anus
3Hayenns memnepamypu 6io pospsaonocmi ALITT

Fig. 5. Dependence of absolute uncertainty of temperature
value prediction on ADC resolution

AOCOIIOTHY ~ HENEBHICTH U  TPOTHO3YBaHHS
3HAUEHHS TEMIIepaTypu Uil JOBipYOi HMOBIpHOCTI
p = 0,95 po3paxoBano 3a dpopmyioro [6]:

u=s XKg, (8)

ne Ks — koedimient Croerofenta (mis 10Bip4oi iiMoBip-
nocti p = 0,95 Ks=1,99).

Y TalOnuili HaBEACHO PE3YIBTATH IOCIIIKCHHS
MOXUOKKM TMPOTHO3YBAHHS 3HAYCHHS TEMIIEPATYpH IS
MAHUX, KBAaHTOBAHMX 3a pIiBHEM, i3 ypaxyBaHHAM
pospsiarocti AL ta ganux tumy double (mocmimxensst
nposeneto B [1]).

PesyabTaTu 10CaiTKeHHS] TOXHOKH
MPOrHO3yBAHHS 3HAYEHHS TEMIEPATYPH IJIsl JaAHHX,
KBAHTOBAHUX 32 PiBHEM i3 ypaxyBaHHAM
po3psignocti ALIII Ta ganux Tuny double

Results of the study of the error of temperature
value prediction for quantized data
and for double type of data

KBanToOBaHI 3a piBHEM JaHi Jaui tumy double
Po3psianicTs CepenHst moxnoka, Cepennst moxnoka,

AIIIT °C °C

16 0,0019

18 0,00092

20 0,00049 0,000037

22 0,00028

24 0,00011

BucHoBkH

[IpoBeneHi MOCTIIKCHHS MMOKa3alM, IO MMOXHOKA
MIPOTHO3YBAHHS 3HAUCHHS TEMIIEPATyPH 3MEHIIYETHCS 31
30inbmieHHssM  pospsiaHocti  ALIL. TlopiBHsHO 3 TO-
XHOKOIO TIPOTHO3YBAaHHS TEMIIEpATypH VIS JaHUX THITY
double moxubka MPOTHO3yBaHHS Yy pa3i BUKOPHUCTAHHS
16-pospsaaoro AILIIl 3pocTae mnpaxkTHYHO Ha JBa
mopsinku, a Wit 24-pospsaHoro AIIIl — Ha mOpsIOK.
OTpuMaHi 3aJeKHOCTI MOXUOKH [alOTh 3MOTY OITH-
Mi3yBaTH METOJ IPOTHO3YBAHHS TEMIIEPATYpH 3aJICKHO
Bix pospsaHocti AL, a Takok BUSHAYUTH PO3PSAHICTH
AIIT s 3agaHoi MOXMOKU MPOTHO3YBAHHS 3HAYCHHS
TEeMIIepaTypH 3a MepexigHuM npouecoMm. Hapami 3aria-
HOBaHO JOCJI/DKCHHS BIUIMBY IHCTPYMCHTAJIBHHX IIO-
XMOOK BUMIPIOBAHHS TEMIICpATypH Ha MOXHUOKY MPOrHO-
3YBaHHS.
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