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The suggested method is based on investigating the dynamic properties of
a glass furnace and had the purpose to obtain basic data for adaptive control
of furnaces. The procedure simplifies the relationships between the technological
quantities and allows random signals to be utilized for changing the input
quantities such the electric power input. Determination of the input guantities
and their evaluation is an important part of the statistical identification method.
The standard least square method and the extended least square method were
used to evaluate the input signals, emploing calculation by the elementary rotation
method and the root filter method. The results of statistical identification were
verified by means of criteria such as the prediction test, the normal noise test
and the white noise test.

THE PROBLEMS OF STATISTICAL IDENTIFICATION

In the authors’ opinion, experimental identification is more suitable than
mathematico-physical analysis for investigating the dynamic behaviour of glass
tank furnaces. Experimental identification can be defined as a process during
which a mathematical model is created on the basis of measurements, while also
determining the parameters and shape of the model. This is selected from a cert-
ain pre-determined class of models on the basis of input and output data so as to
ensure 1ts equivalency with the process being studied. In selecting the model one
should also take into account the principle of the process being identified and
the purpose the model is to serve.

The present study deals with stochastic linear one-dimensional discrete model
with concentrated parameters in the form of exterpal description, because only
discrete values and not continuous records of input and output data can be obtain-
ed from a physical model. This is why a discrete system has been chosen for
describing the behaviour of a physical model of glass furnace, using a model in the
form of differential equation (1)

W) -+ 3 aiglk— ) = 3 baulk — ) + exlh), 1)

where e,(k) is the error of the equation.
Using polynomial operators and by introducing a symbol for shift by i intervals
to the right, equation (1) can be written in the form

[T + A(z)] y(k) = B(z™) u(k) + er(k), 2)

where u(k) is the input sigral ard y(k) is the output signal in k-th moment, end n
is the order of the system.

Statistical identification has the purpose to establish, on the basis of measurirg
«(k) ard y(k), an ¢stimate of the coefficients of folyromials A(z-!) ard B(z"?) =0
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asto get the coefficients as close as possible to the actual parameters of the system
studied. The principle of deriving the coefficients of polynomials A(2~1) and B(271)
indicates that use of the Z-transformation would be disadvantageous (cf equation
(2)) as a shortening of the sampling period would yield less information on the
system, in spite of the fact that more frequent sampling increases the information
capacity in the sample sequence. On the other hand, lengthening of the sampling
period results in gradual loss of information on components with small time con-
stants as well as on oscillating high-frequency components. A suitable sampling
period can be determined from the sampling theorem

fm=1/2T, (3)

where 7' is the sampling period, and
fm is the maximum frequency contained in the signal.

The study made use of a discrete description of the stochastic system where
the error of the equation was considered to result from filtering the white noise
by the ARMA system (Auto Regress Moving Average) as follows from equation
(4):

[1 —C)] er(k) = D(z™') n* (k). (4)

As regards the stochastic signals employed, only their statistical characteristics
were known, namely the mean value, dispersion (scatter), stationarity, correlation
function and output spectral density. In statistical identification, a decisive role
is played by spectral properties of the input signal which should correspond to
the frequency characteristics of the system in question. Considerable requirements
are put forward for the uniformity of the frequency spectrum because each real
system acts as a high-frequency filter and about the same applies to the low-
frequency region. These demands are best met by the PR BS signal (pseudo-random
binary signal).

- The parameters of the differential equation were estimated by the least square
(LS) method and the extended least square method (ELS), and resolved by the
elemantary rotation method and the root filter method. For N measurements, one
obtains a pre-determined system of equations which can be expressed in matrix
form,

Y = Za —¢,. (5)

Owing to the error vector of the system of equations (¢;), the estimate of &,
i.6. the vector of the estimated parameters of polynomials 4(2~1) and B(z71)
of the system, is by itself a random quantity, so that it must bz demanded that

E@) = a, (6)

i.e. that the mean estimate value be precisely equal to the value of the parameters
being estimated. Only then is the estimate unbiased. The output signal and the
equation error correlate, so that deviated estimates of the polynomial parameters
are obtained; they deviate from the actual values proportionally to the decreasing
signal/noise ratio of the output signal y(k). The ELS method is based on the prin-
ciple of estimating the ARMA noise model (cf. equation (4)) where the coeffi-
cients are estimated directly by adjusting the basic algorithm of the LS method.
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SIGNAL TESTING DURING STATISTICAL IDENTIFICATION

1. Prediction test

The term prediction is understood to mean calculation of the system output
signal by means of calenlated values and estimated coefficients while taking into
account the individual component (trend). Then

sk = — 3 waylk— i) + 3 bk —1) + 3 ek, ™

where m is the polynomial degree expressing the trend.

On the basis of equation (1) containing the quantity e,(k), the latter can be
interpreted as the prediction error, i.e. the difference between the actual value
of the output and its estimate (prediction):

er(k) = y(k) — y(k). (8)

This error of the prediction can then be expressed statistically in various ways,
e.g. as a mean relative quadratic error (R1) or as a relative linear prediction
error (R3):

n pr(ky
Rl = 9
k——zm; y( c)? ®)
3=y b (10)
k=3 ( )

where mj; is the value from which the algorithm has been started and = is the
number of samples (data).

2. Normal noise test

This is understood to mean Gaussian noise distribution. It can be applied to
the error of equation (1) or to the prediction crror (8). Its value should be as low

as possible:
1 e
2=Vn_ Y en(d), (11)

where L. is the overall number of parameters of the model selected and » is the
number of samples (data').

3. White noise content test

Its value for a given noise order should be as low as possible. It is calculated
according to the equation

1
Peel

i=0 PeeO

We —

where @ is the autocorrelation function for source noise.
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CONCLUSION

The standard least square method and that of extended least squares are used
in statistical identification to determine the coefficients of the differential equation
describing the dynamic behaviour of the system. The predetermined system of
equations can be solved by the elementary rotation method or the root filter
method. Application of these methods to mathematical models of glass furnaces
allows information on their dynamic behaviour to be obtained relatively rapidly
and at low cost without affecting the operational stability of the furnaces. An
additional advantage is provided by the fact that in the processes mentioned
above, use can be made of pseudo-random binary signals which are uniform from
the standpoint of the frequency spectrum. Utilization of physical models of glass
furnaces in the investigation of their dynamic behaviour is also convenient because
a physical model provides very precise relations between the significant techno-
logical quantities such as power input, temperature in the furnace, withdrawal
of melt from the furnace, flow in the furnace, etc.
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NAVRH STATISTICKE IDENTIFIKACE FYZIKALNIHO MODELU
SKLARSKE TAVICI PECE
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K vysetfovani dynamického chovani sklafské tavici pece na jejim fyzikélnim modelu bylo
pouZito experimentalni identifikace, pomoci niZ se na zdklad® méfeni vytvafi matematicky model,
pFitemz dochézi jak k urdovani parametri modelu, tak i jeho tvaru. Pro popis chovéni fyzikalni-
ho modelu sklarské tavici pece byla volena diskrétni soustava s uzitim modelu ve tvaru diferen&ni
rovnice (viz (1) a (2)). K ur€eni odhadu koeficienta v rovnicich (1) a (2) byla pouZita metoda
statistické identifikace obsahujici metodu nejmensich &tverci a rozsifenou metodu nejmensich
Gtvercu.

Stejné jako na peci nelze na fyzikalnim modelu ziskat spojité zdznamy vstupnich a vystup-
nich velidin, ale pouze diskrétni hodnoty, a proto byl v praci pouzit diskrétni popis soustavy
jako stochastické. U stochastickych signalii jsou zndmy pouze jejichstochastické charakteristiky.
Zdo byly uZity st¥edni hodnota, rozptyl, korelagni funkce a vykonova spektralni hustota. Zv1aste
spektralni vlastnosti signali jsou duleZité a musi odpovidat frekvendni charakteristice proméfo-
vané soustavy. Témto narokum nejlépe odpovida pseudo-ndhodny binsirni signdl.

Kvalita pouzitych signalu pfi statistické identifikaci byla testovana pomoci t¥i testu. Byly to:
— test predikce, kde chyba predikce byla statisticky vyhodnocena jako primérna kvadraticka

chyba predikce (rovnice (9)) a jako pomérné line4rni chyba predikce (rovnice (10)),

— test norméalnfho $umu, zahrnujici rozdéleni sumu podle Gausse (rovnicg (11)),
— test na ohsah bilého 3umu (rovnice (12)). )
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Navrzend metodika vy3etfovani dynamického chovéni skléfské tavici pece na fyzikalnim

modelu mé proti mé&feni na peci n8kolik vyhod, nebot:

a) fyzikdlni model poskytuje velmi pfesné vztahy mezi vyznamnymi technologickymi veli-
&inami, napf. pfikon do pece, teplota v peci apod., a jeho provoz je laciny;

b) fyzikalni model umoZiuje promé&tit dynamické vlastnosti tavici pece, které nelze, z technickych
duvodi, uskuteénit v provoznich podminkach;

¢) provoz fyzikalniho modelu je moZno odklonit od ustéleného technologického rezimu bez problé-
mi, coZ by na peci mohlo vést k Fad® t&Zzkosti.
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Jas1 McciiemoBaHHA THHAMHYCCKOI'O IIOBEJICHHS CTEKJIOBapeHHOU DeYm Ha ee QH3NUECKOil
MOjleJH HCHOJIB30BaJIH IKCOEPHMMEHTAJILHYI0 MIeHTH(QHKANAIO, ¢ HOMOIIEI0 KOTOPOH Ha
OCHOBAaHHH HA3MepeHHIl c0371aeTcA MaTeMaTivuecKasA MOJejls, HpHYeM IPOBOJHTCA KaK Ompe-
JejleHAe IapaMeTPoOB MojiellH, Tak H ee (fopMmu. Jlaa ommcamna moBefeHHA QH3uUTeCKOi
MOJIeJIN CTEKJIOBaPeHHOi medn NoAGHpaan JHCKPEeTHYI0 CHCTEMY ¢ HCIOJIb30BaHHEM MOjLeiIH
B Baje puddepennmaibHOoro ypaaends (cM. (1) n (2)). Jdaa onmpenesenna kosddunmenTon
B ypaBHeHHsX (1) m (2) HcHmOJIB30BaJM METON CTATACTHYECKOH HACHTHQHKAIHH, OCHOBBI-
BajomuiicA Ha MeTolle HAMMEHBIIAX KBAaJPAaTHKOB H HA PacOPOCTPaHEHHOM MeToje HaMMeHb-
IHX KBaJ[PaTHKOB.

Ilomo6HO Kak Ha HDeYH TaKk H Ha (H3NYECKOM MOJeNH HesJb3s HOJYYHTh HempephIBHHIE
3amMcu BXOXHEIX H BEIXOAHEIX BeJIHYMH, a TOJIbKO AHCKPETBEle BeJTHYHHE, H NO3TOMY HaMH
B paGoTe HCHoOJIB3yeTcd [HCKPETHOE OOHCAaHHE CHCTEMBI KaK CHCTEMH CTOXaCTHYCCKOM.
VY cToXacTHYeCKHX CHIHAJOB H3BECTHHl TOJBLKO HX CTOX4CTHYECKHE XaPAKTepPHCTIKH.
B HameM caryyae OblJIN HCHOJIB30BaHLI CPeiHAA BeJHYHHA, paccesHHe, QyHKOHA KOPpeIsAlaH
H MOIHOCTHAs CHEKTPaJbHAsl 1:10TROCT. OcOGEEHO BasKHEL CIEKTpPaJlbHEE CBOMCTBA CHIHA-
JIOB H OHH JOJLKHH COOTBETCTBOBATh 9YAaCTOTHOA XapaKTePHCTHKE H3MepPAeMOM CHCTEeMH.
3taM TpeGOBaHAAM JIydlle Bcero COOTBETCTBYCT NCeBHO-OMHA PHEIA CHTHAJL

KadecTBO HcDONB3yeMBHIX CHIHAQJIOB IPH CTAaTACTAYECKOH HjleHTH(HAKAIAH IPOBEPSIIA
¢ IIOMOMBIO TPeX TeCcTOB, a AMEHHO:

— ¢ MOMOMBIO TeCTa HpPeAHKIUH, I'le HOI'PemIHOCTh MPeAHKIHH CTATHCTHYECKH pacCMaTpH-
BaeTcA KAK CPefHsAs KBajpaTHYecKas morpemsocTh (ypaBHeHHe (9)) W Kak JmHeiidas
morpemsocTs npennkinad (ypasHeHme (10)),

— ¢ DOMOMBIO TecTa HOPMAJIBHOIO IIyMa, 3aK/II0Yalomero pasjelleHne IIyMa cOIVIacHO
T'ayccy (ypaBmenme (11)),

— ¢ IOMOIIBIO TecTa Ha cofepxaHde Oejioro myMa (ypaBHeHme (12)).

ITpemyiaraeMas MEeTOMKA PacCMOTPeHHA JHHAMAIECKOI'0 HOBeleHAA CTeKJI0BA PeHHOI meTn
Ha (Igmuqecxoil MOfeJIH 0871alaeT IO CPaBHEHHK) C H3MepeHHeM Ha He4YH HECKO.IbKHMH
IpeAMYyIecTBaMH, TaK KaK:

a) ¢manueckas MoJeJb NPEJOCTABIAET BeCbMa TOYHHIE OTHOMIEHHAA MeKAY Ba*KHRIMH TeXHO-
JIOrEYeCKHMH BeJIMYMHAMH, Hamp. OOABOXHMAas MOIIHOCTH B pedb, TeMIOepaTypa B HedH
H T. . ¥ ee NPOA3BOACTBO JemeBo;

6) ¢uandeckad MOMeIb HpeJOCTaB/IAT BO3MOIKHOCTh H3MepPeHHA NHHAMHYECKAX CBOHCTB
CTEKJIOBa PeHHOIl IIe4d, KOTOphie HeJlb3s, OO TeXHAYeCKAM NPHYAHAMH, OPOBOJHATL HPH
I POH3BOJCTBEeHHEIX YCJIOBHAX,;

B) SKCIUIyaTalldi0 (H3AYEeCKOH MOJEIH MOKHO OTKIOHHTH OT YCTAHOBJICHHOTO TEXHOJIOIH-
gecpOro pexxama 6e3 mpoGiieM. 9To Ha HeYd MOrJo OHl BLI3BaTh PAX 3aTPYNHEHHIH.
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