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Abstract: A modified Kalman filter of the glass cooking process is synthesized, taking into account perturbations
in the form of a sequence of colored noises. The possibility of expanding this filter by noise filters to improve functioning in
the presence of low-frequency disturbances is studied and a corresponding estimation scheme with additional noise filters
is proposed. The results of the simulation allow us to assume that low-frequency disturbances in the glass furnace act at the
input and affect the state of the control object.

Keywords: observer, Kalman filter, simulation, mathematical model, glass furnace.

Annomayun: Panenu woekuniap xemma-Kemaueu KypUHUMUOGU anaéHaapuu Xucobea onean X0a10d Wuanu
nuwupu Hcapaénu yuyn moouguxayuananean Kaimvan gunompu cunmesnanean. Yuby unompuu, woskuniap guibmpu
Xucobuesa nacm uacmomany 2Ai1AEHAAP MABHCYONULUOA, UWIAWY YUVH KeHeaumupuw UMKOHUAMIAPYU Ypeauunean 6d
KPuumua woskuniap Guibmpuea sea me2uwauya 6axonaul CXeMacu makuugy dmunean. YmKazunean umMumayuon
MOOETNAWMUPUWL HATNUICANAD, WUA IPUMULL NeYUuoa NACM YACTHOMANU 2ANAEHNAP 00BeKMHUHE KUPUWUaH mabcup
Kuauob, obvexmuune xonamuea y3 mavbCupunu ymrazaou, 0eb xucooaiauw umMKoOHUHU depaou.

Tasnu cyznap: xkysamyeuu, Kaiman uibmpu, umumayuon MOOeiIaumupunl, MAmemMamux Mmooeib, wuua
apumuus nevu.

Annomayusn: Cunmesupyemcsi moouduyuposannvlii guiemp Kaimana npoyecca 6apku cmekia ¢ y4emom
603MYWeHUL 8 Ude NOCICO0BAMETbHOCIU YEEMHBIX UWYMOS. HI3yuena 03MONCHOCb pacuuperusi 0aHHO20 (uibmpa 3a
cuem Quabmpos wyma OAs  YAyHuLeHUus (DYHKYUOHUPOBAHU 6 HPUCYMCMEUU HUSKOUYACMOMHbBIX GO3MYWEHU U
NPEONOANCEHA  COOMBEMCMBYIOWAsL CXeMA OYEHUBAHUSL C OONOJHUMENbHLIMU — puibmpamu  wymos. Pesynomamul
NPOBEOEHHO20 UMUMAYUOHHO20 MOOEIUPOBAHUSL NO3GONSAIOM  CYUMAMb, HMO HUKOYACTOMHbIE GO3MYWEHUSL 6
CMeKI08apeHHOl nevu 0eticmeyion Ha 6X00e U GIUSIOM HA COCMOsIHUE 00beKma YNpasieHus..

Knrwuesvle cnoea: nabniooamens, @uivmp Kaimana, umMumayuoHHoe MOOCIUPOSAHUe, MAMEeMAMU4ecKkas
MoOeltb, CMeKI08apHAas Neyb.

Introduction

The main technological process in glass production is glassmaking, the efficiency of which is
determined by its temperature regime [1-4]. The temperature of the molten glass is the most important
technological parameter that determines the processes of melting, cleaning, homogenization, re-
cleaning and thermal homogeneity of glass. All necessitates the creation of a perfect system for
monitoring and controlling the temperatures of the molten glass and the gaseous medium in the glass
furnace.

An analysis of the systems for monitoring and controlling the temperature regime of a glass-
melting furnace indicates that they provide for the measurement of temperatures at certain points of it
[5-6]. The number of such points is very limited, which does not allow to form a complete picture of
the temperature field of the glass furnace. This circumstance worsens control over the process and its
diagnostics, which can lead to pre-emergency and even emergency situations. In addition, the
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efficiency of control systems based on a limited amount of information about the temperature field
may be lower than possible. In this situation, an alternative is to use observers, in particular, the
Kalman filter, which, on the basis of a mathematical model, makes it possible to estimate the
temperature values at any point in the glass-making furnace using the measured input and output data.
In practice, the difference between estimates and real measurements of the process takes place by the
disturbance of the process, which causes model errors, on the one hand, and sensor inaccuracies (or
their errors), on the other hand [7-11]. Over time, these differences can increase and lead to large
inconsistencies between model predictions and real values of process variables. In this regard, in the
development of control systems in the presence of disturbing influences, the development of the
estimation procedure, in particular, the synthesis of observers using highly efficient filters [12] comes
out on top.

Monitoring and control of the temperature regime of the glass making process

Let the differences€, (t) between the real values y(t) of the process parameters and the
estimates of the models y(t) and be presented in the following form &, (¢) = y(t) — $(1).

If the used mathematical model adequately describes the real glassmaking process, then the deviation
of the predicted temperature values from the measured values can be considered caused by
disturbances with known stochastic properties, then the observer can be synthesized by minimizing the
mathematical expectation of the root-mean-square norm (RMS) error € =T —T between the
measured temperature field T and its estimate T':

€ llcxn =(limy_o E {7 (K)e(k)})/2,
where E{€T (k)E(k)} is the mathematical expectation of the random variable E(k).

In this case, we will assume that the temperature measurements of the molten glass are
performed periodically. The measurements at the k-moment of time of the values of y(t) are denoted as
y(k) = y(t;) = y(kAt).. In fig. 1 schematically shows the evaluation procedure. As you can see, two
types of perturbations are considered: d;(k)- perturbations that directly affect the state of the glass-
making process and d»(k)- perturbations that are observed in the initial measurements.

T(k)

1(k > (k)
“ld Process y(k) ®_> =
(9 —(— -

Observer ~
t Tk
da(K)

A\ 4

Fig. 1. Block diagram of the assessment procedure.

When synthesizing the Kalman filter, the disturbances acting on the state of the process at
intervals as signals of the "white noise” type [13]. However, in practice, there are disturbances that
change slowly within the frequency of the process itself and significantly affect the process itself. An
example of such slowly varying disturbances is the change in the redox number of the glass melt,
which significantly affects the thermal conductivity of the latter. These disturbances are observed at
the measured outputs. In this regard, the disturbance signals during the synthesis of the observer
should be considered as a sequence of colored noise [14].

We are synthesizing an extended Kalman filter for the glassmaking process, taking into account
disturbances in the form of a sequence of colored noise. This filter can be extended with noise filters to
improve performance in the presence of low-frequency disturbances, which are no less important than
high-frequency disturbances in the production of glass melting. In fig. 2 shows the estimation scheme
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by the Kalman filter with two noise filters F1 and F2. Disturbances d;(k) and d,(k) are a sequence of
colored noises that is formed as a result of filtering a sequence of white noises v, and vs.

di=Fi(@)w; d2 = Fa(q)va,
where q - is the backward shift operator; (q) € R™41*"d.1 i F,(q) € R™42*"d2 - are linear filters, signals
v and v, are independent and are normally

| |

F(q) F2(q)
du(K) da(K)
\ 4
> y(k)
u(k) » Glass furnace
J’C\esd (k)
Kalman filter <
e ——

Fig. 2. Evaluation scheme by Kalman filter with two noise filters F1 and F2.

The temperature deviation AT(K) = (T(K) —T) from the set operating point T and the
measured outputs y(k)are calculated from the model
x(k + 1) = Ax(k) + Bu(k) + G,d,(k),

y(k) = ny(k) + Gody(k), 1)
AT (k) = Crx(k)
with the state vector R(k) € R™* of the model, matrices of parameters A € R™*"™x, B € R™*™u,
C, € R™ ™, Cr € RN*™x and weight matrices G;, G, of perturbations d; (k) and da(k).
Elements of the matrices G, G, are selected on the basis of assumptions regarding the accuracy of the
model, sensor noise and disturbances of the process itself.

In what follows, we assume that controls u(k) and disturbances d;(k)and d,(k) are independent,
and the unknown initial state vector x(0) = xo - is a normally distributed random variable with an
unknown covariance matrix Qqx, € N(0, Q,). Noise filters F; and F, can be represented by a state-
space model
Xp, (k+ 1) = A, Xp, (k) + Bp,vy

2)
d,(k) = Cr, XF, (k) + Dg, v,
Xp,(k + 1) = A, X5, (k) + [BE, 0] [”5}(’2)
2 v, (k)
3)
v (k)
2(k) = Cr, (k) XE, (k NEL| o
X, (k) = Cr,(k)Xg, (k) + [0 D} ]l o
vz(k)

where X € R™1 X € R"4 - filter state variables, Ar, € R"dlxndl, B, € R™Ma1*Md1, Cp € RMa1XMar,
DF1 (= Rnd1xnd1’ AFz € Rndzxnd21 BFz € Rndzxnd21 CFz € Rndzxndz, B}{fz € Rndzxndz’ CFz € Rndzxndz,
D,{T2 € R™a2*Maz - matrices of parameters of models of two perturbation filters.
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The disturbance vector v, is split into two components: the vector v£ (k), which is filtered, and
the vector v (k), which is not filtered (white noise of the meters). It is believed that these vectors are
independent of each other.

Model parameters are determined and are used to adjust the Kalman filter.

Substitute the mathematical description of filters (2) and (3) instead of G;d;(k) and G,d,(k) in
equations (1):

X(k+1) A Cp  O1[X(K) B Dp, O .
Xp,(k+D|=(0 A 0 |[|[Xr(O)| + |0|u(k) +|Br, O [5183 4)
Xpk+1] [0 0 4g|lxg00] Lol 0 Brl =™
AE) XEx) B G
" X (k) y
YIOIE 0 Crl X (0| + Dut) +[0_ D] [P0, ©)
&) Xr (k) w5 w2 (k)
c | AF, G,
The mathematical model (4) and (5) can be written as
XB(k +1) = AOXE (k) + BEuK) + ¢EvE (k), (6)
y(k) = CEOXE (k) + Du(k) + GPvE (k). @)

Further, the Kalman filter can be synthesized by known methods [15-17] using the matrices 4
® and C® to solve the Ricatti equations.

Consider four types of Kalman filters:

1. Standard filter: Cg, = 0, Cr, = 0, (PK).

2. Modified Kalman filter with noise filters acting on the state of the object (DKCO): Cr, =

[In, O]T, Cr, = 0. In this case, it is assumed that the perturbations acting on the state of the object
change slowly.

3. Modified filter with noise filters acting at the input of the object (PKB x O): Cp, =
[BT 0]", Cg, = 0. In this case, the perturbations acting on the state of the object affect the same way
as the input variables.

4. Modified filter with filters acting at the object output (®KB u O) Cr, = 0, Cr, = Ln,,. This

case corresponds to slow changes in disturbances affecting the measurement of the output variables.

The purpose of the simulation is to investigate the effectiveness of the proposed modifications
of the Kalman filter in comparison with a standard filter for evaluating temperatures at various points
in the glass furnace. Six points were selected as control points located at the bottom of the glass
furnace. The deviations AT (k) of the temperature of the roof of the glass-melting furnace from the set
value and the flow rate of the molten glass S (k) are used as controls. To calculate the "measured”
temperatures, a mathematical model was used in the form
x(k +1) = Ax(k) + Bu(k)

y(e) = Cyx(k)

(8)

T (k) = Crx(k)
This model demonstrates the relationship of the temperature vector T(k) with the output vector
u(k) € R?and the measured temperature vector y(k) € R®. The state vector x(k) € R® characterizes the
memory of the model and has no direct physical meaning. The matrices A € R3*8, Ae R®2, (, €
R®*®yu Cr € R*1°%%*8 gre the matrices of the model parameters. Let us choose Ap, = I,,, vt Ap, = I

Nd1 Nd2
as identity matrices. The matrices Bp = Yq1,,,] B,‘?1 = YazpyIng, are the identity matrices

Nd1
multiplied by the weight coefficients yg4q,, and ygz,,. The matrices Dp = y41ln,, n Dg, =
YazIn,, are also chosen as unity, multiplied by the weight coefficients y4; and yg4,.
55
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During the simulation of the glass furnace, the reaction of the latter to the step input signals was
investigated. A sequence of noise signals in the form of filtered white noise was added to the input
signals, and white noise signals were added to the measured outputs.

Temperatures at all control points were estimated using the filters described above. Further, the
error of the estimate e(k) = T(k) — T (k) was analyzed. The results of the study show that the
Kalman filter works quite efficiently when disturbances are applied to the inputs and act on the state of
the control object.

Conclusion.

An observer of the state of the temperature regime of a glass-making furnace is synthesized in
the form of a modification of the Kalman filter. Simulation modeling of the functioning of a glass-
making furnace with observers was carried out, based on the results of which recommendations were
determined on the advisability of using observers' data for various types of disturbances.
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