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Abstract: In this paper the application of observers for glass melting furnaces is discussed.
In glass melting furnaces only few variables, of those that are important for the glass quality,
can be measured. Here it is demonstrated how |ow complexity mathematical furnace models
can be used to estimate the other variables that cannot be measured.
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1. INTRODUCTION

In glass melting furnaces glass is molten at high tem-
peratures and the result is a glass melt that contains a
high amount of very small bubbles (containing mainly
CO, and N,) and also some solid material (mainly
Si0O,) that has to be dissolved in the melt. Further-
more, the glass melt may not yet be homogeneousjust
after melting. A sketch of a glass melting furnace is
shown in figure 1. For the melting of the remaining
solid particles it is important that the particles have
a sufficiently long residence time in the furnace and
sufficiently high temperatures along their trajectories.
Thesmall bubblesare released from the melt by letting
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Fig. 1. Sketch of a glass melting furnace with its measurements.
TT istemperature transmitter, PT is pressure transmitter, LT
is level transmitter Po, is partial oxygen pressure and o
is partial carbon monoxide pressure. The sensor with dotted
lines is a sensor for oxygen partial vapor pressure in the melt
and isin atest phase.

them grow and rise to the surface. This process is
called the fining process. The bubble growth is in-

duced by a so called fining agent, that dissociates at a
higher temperaturethan the melting temperature of the
glassto form a fining gas. For the melting, fining and
homogenizing processes not only the temperature is
important but also the velocitiesin themelt. Infigure 1
it is shown that temperatures in the glass melt are not
measured. To determine the temperaturesin important
glass melt zones but cannot be reached through online
measurements we use an estimator which is designed
based on mathematical models that are available for
the glass melting furnaces. Here the design of such
estimator for glass melting furnacesis discussed. First
the derivation of arelatively simple simulation model
is presented. This model is used in the Kalman ob-
server that will be discussed next.

2. MODELSFOR THE GLASS MELTING
FURNACE

Glass melting tanks are often modeled with CFD-
codes (computational fluid dynamics (Patankar, 1980),
(Post, 1988), (Ungan and Viskanta, 1987), (Viskanta,
1994)) for design purposes or process operation im-
provement. Typical properties of these models are
the high level of detail and high computational effort
needed to do calculate a solution. If a model is used
in a controller, it must allow fast enough calculations
and predict the dynamic behavior in the important
frequency region well enough. Fast enoughwould typ-
ically mean ahundred timesreal time and well enough



would mean that the controller will make the process
meet any performance criteria one might have. Know-
ing this, one can verify that a CFD-code with a high
number of grid points will in general be to complex.
Much effort is being put in devel oping reduced models
that are derived from a glass tank model (GTM), a
CFD-code written especially for glass melting fur-
naces by the research institute TNO. Until these mod-
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Fig. 2. Physical topology of a glass tank with asingle
recirculation loop.

elsbecome availabletesting of controllerscan be done
on simple test models derived from first principles or
identified by using input-output data from the GTM
or a real furnace. ldentification of input-output data
((Haber et al., 1981), (Ljung, 1987), (Wertz and De-
meuse, 1987), (Wertz et al., 1992)) will lead to better
models for a particular furnace in a certain operating
range but it can only be applied in that range and for
that furnace. Here a simple model is proposed that
may be useful for:

e Gaining insight in the dynamics of the chemical
and physical processes involved in the melting
of glass and their effects on the overal time
dependent behavior of glass melting furnaces.

e Having aflexible model available that can easily
be extended or simplified and used for the design
and testing of state observer or controllers and
very fast simulations.

The model derived here is based on a container glass
furnace for making green bottles. This furnace hasin
the glass melt a single recirculation loop and some
smaller loops.

Table 1: Indicesused in the model description
UB Under batch BB Batch blanket
B Bottom FS Fue supply
NT  Near throat CS Combustion space
T Top E  Environment

In figure 2 a physical topology is given of the glass
melt, and the combustion space. It consists of sys-
tems (capacities) and connections. A circle indicates
alumped system, that is a region with uniform prop-
erties, a rounded rectangle indicates a distributed sys-
tem, that is described by a partia differential equa-
tion, and an arc indicates a reservoir, a region with

properties that are not influenced by in or outflows.
Connections are mass flows (indicated by a solid line)
or energy flows (indicated by dotted lines), that could
be work or heat flows. Table 1 givesthe indices of the
systemsin figure 1. In the next section a derivation of
the model is given.

2.1 ldeally stirred regions

For the ideally stirred region under the batch blanket
an energy equation for a constant pressure zone leads
to:
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This equation can briefly be written as:
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Chemical reactions are assumed to take place outside
region (that is in the batch blanket) and the glass is
treated as a single component having average proper-
ties that depend on the composition.

(Tug—Te) + Sus

The region near the throat can be modeled similarly
with:
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This can be written as:
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2.2 Heat transfer in laminar flow regions

For the laminar flow regions in the tank we can use
a two dimensional model, with convective transport
in the &, -direction and conductive transport in the & ,-
direction. This results in a two dimensional form of
the energy equation:
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which can be discretized (Patankar, 1980):
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Here, a centra difference interpolation scheme for
the diffusive terms and an upwind scheme for the
convective terms are applied. For the top and the
bottom region the following equations can be found:
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Figure 2 shows that for the bottom and top region 6
and 3 grid points (lumps) are chosen, andso T g € R6

and T € R3.

2.3 Model equations for the recirculation flow

Multiplication of the Navier-Stokes equationswith the
velocity vector and integration over the entire system
volume gives us an expression for the total kinetic
energy changein the system (Bird et al., 1960):
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Now if one makes the assumption that the kinetic
energy of the recirculating flow is only influenced by
the size of the buoyancy forces in the melt, then the
following form of this equation can be written:

Ko =—Y Er;+2.pB ()0 (T,~T)V, (5)
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The friction terms can be derived from the laminar
flow patterns that are assumed by calculating the in-
tegral E;; = _fvi (t:Vv)dQ. In this paper it is as-
sumed that the friction losses occur in the top and
bottom regions indicated by T and B in the physical
topology given in figure 2 and that the flow can be
modeled as one dimensional laminar flow between
horizontal plates.
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Two cases can be considered:

e One dimensional flow (in 1-direction) over one
plate: y =3
e Onedimensional flow between two plates: y; = 6

With these vel ocity profiles the accumul ation term can
be written as:
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constant depending on the situation (one plate oretwo

plates). For the friction parts we can derive:
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and the buoyancy terms can be written:
Zpﬁ V2) Gz (T, —T) V=
pBVV,
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Using these equations we can rewrite the equation for
kinetic energy and we obtain a nonlinear differential
equation for R:
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This equation describes the acceleration of the recir-
culating glass, due to a change in the temperature dif-
ferences in the melt. The acceleration is counteracted
by the friction forces. Combination of equations (1),
(2), (3), (4) and (8) gives:
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These eguations can briefly be written as:
x(t) = f(x(t),u(t),6)

If we define AX = X — X5 then we can write a linear
approximation near the steady state:

AX(t) = AAX(t) + BAu(t)
where

of of
A= ox B=%u

X=Xgs,U=Uss X=Xgs,U=Uss

A step response of the model that was derived here
was compared with simulation results of a detailed
CFD-model. Some results are shown in figure 3. Ma-
jor differences occur in the steady state behavior.

3. LINEAR OBSERVERS

Suppose that in the neighborhood of a certain operat-
ing point the behavior of the glass melting furnace can
be described by alinear state space model of the form:
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Fig. 3. Step response results of a detailed computa-
tiona fluid dynamics model (CFD) and the sim-
ple simulation model (smooth curves)

oX=Ax+Bu+w
y=Cx+vV

where xys € R" is the state vector, w € R", v € RP
are disturbance vectors, u € R™ is the input vector
(manipulated variables), y € RP is the output vector
(measured variables) and o = % in continuous time
and ox(t) = x(t + 1) in discretetime. This state space
model is used in an observer to estimate the state

variables.

3.1 Luenberger observer

A type of observer that is often used is a Luenberger
observer. The structure of such observer typeis shown
infigure4. A Kalman filter ((Gelb, 1974), (Jazwinski,

Fig. 4. Luenberger observer

1970), (Muske and Rawlings, 1993)) aso has this
structure and the gain matrix L is then determined
such that the variance of the estimation error X = x— X
is minimized when v and w are taken as normally
distributed white noise, that is:

mintr E(X(t)X(t)"

mint E(xL0)T)
The solution is then found in the discrete time case
through the solution of the following Discrete time
Algebraic Ricatti Equation (DARE):

P = APAT — APCT (CPCT +R,) 'CPAT
+GuQuGy, 9

where R, and Q,, are the covariance matrices of the
disturbance vectors v and w respectively. The solution
P is the steady state value of the covariance matrix P
of X:
: o ey 4y T
fimP(© = Jime(x(0)%()")

The Kaman gain matrix L is then given by:
L=APCT (CPCT +R,) *

The observer equation in the discrete time case is
given by:

K(tt+1) = AR(t|t — 1) + Bu(t)
+L(y(k) —Cx(tt — 1))

The Luenberger configuration can be put in the stan-
dard formin figure 5 where P can be partitioned as:

B <Ell &2)
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and W as white noise with unit intensity then the
Kalman filter minimizes ||F, (PF)||, = ||P;;+ Py, (I —
P,,F) P, ||,- So the Kalman filter is a Hfilter.
Minimization of the 2-norm means minimizing all

Fig. 5. Filter problem in standard form: Find a filter
F such that the norm of the closed loop transfer
fromw to eis minimized

singular values of the transfer matrix F, (P,F) in the
entire frequency range. By filtering the white noise
disturbances (coloring) emphasis can be put on im-
portant frequency ranges. Let these filters have the
following state space representation:

oXy = Ay + B\
v =CyX,+ DWW,

Xy = AnXw + BaW,
W = CyXw + D\,

with x, € R"v and x,, € R"™ Then the extended plant is
described by:
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The filter that is designed for this extended system
has dimension ny + ny, + n. The filter can be extended
in the Luenberger setting by adopting the extended
model aso in the observer and then search for a
gain matrix L € R(™twm>pP (Muske and Rawlings,
1993)). First we consider the case where we only have
integrating coloring filters for the output disturbance

V.
Xv
O Xy A, 0B, 0 O X
ox |=(o0oA0Q¥tB || W
y C.C[Dy 0 D/ | W,
u
where

A=l B,= [Ri/f o}

C=1 Dy=[0RY]
If we consider the evolution of thefilter states, Xg, we
get:

iy | = e )

+ {g} u(t) + “2] (Cx(t) +v(t))

Now we assume the following:

Steady state (t — o), which means Xz (t+1) =
%e (1)

ut)=0

Thesystem isassymptoticaly stable: lim,_,., x(t)
0

The disturbance v(t) = v remains constant (off-
set)

We can then write:
-, -LC Xy (1) n L,
-L, A-LC-I X(t) L,

And calculate the steady state value for the extended
state X

J7=0

][] e
X(t) -L, A-L,C—I L,

If we use the MATLAB routine dare to calculate
the Kalman gain matrix L and then construct X
where the output disturbance is a constant offset v =
(111 1)T we get for X¢:

R & <)8'>

and the error X converges to zero. This is indeed
observed and shown in figure 6. The corrections for
the output offset disturbance are applied to the extra
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Fig. 6. The estimation error X = x— X of avariablethat
is not measured: the temperature in the region
under the batch blanket (disturbance: first a step
and then also aramp).

filter states x, that were added to the observer. If we
consider the case we only have an input disturbance
filter we get:

Xy

OXw AWO‘O By O X
(cx):(CWA 0 DWB> W,
y 0CR/2 0D/ | W,
u

The evolution in discrete time of the observer state
X (t) isthen given by:

(3858) - (5.6 (38)
+ ( g) u(t) + LCx(t) + LRY2W, (t)

Now if we make again some assumptions:

e We only have a constant offset on the state vari-
ables: W, (t) = w,

e u(t)=0andw, (t) =0

o Steady state: X (t + 1) = X (1)

With these assumptions we get:

_(Av—-1  -LC Xw (1)
0= < Cu A—LZC—I> ( z(t) ) HLExX®
If we choose Ay, = | and C = | then we would expect
the error X = x — X to converge to zero. Results are
shown in figure 7 and 8. After applying a step dis-

turbance the error converges to zero for this type of
Kaman filter.

Finally, we can add both an input and an output filter.
Then the states of the observer X satisfy:

OXy A-L,G 0 —-L,C Xy
o% -L,Cy Cyw A-LC R

0 L,
+ (0) u+ (Lz) (Cx+Cw)
B L,

In this case offsets lead to steady state estimation
errors. Results are shown in figure 9. If both input
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Fig. 7. Response to an input disturbance (first a step
and then also aramp). InthiscaseC = |
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Fig. 8. Response to an input disturbance. In this case
c=[0lQ].

and output disturbances are present as discussed above
then no improvements if compared with the ordinary
Kaman filter are observed, up to now. In glassmelting
furnaces low frequency input disturbances (like load
changes and changes in cullet properties) are most
likely to occur.
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Fig. 9. Response to input and output disturbances. In
thiscaseC =[01 O].

4. CONCLUSIONS

A relatively simple simulation model was derived.
Simulation results obtained with this model were com-
pared with a detailed simulation model that takes large

simulation times. The simple simulation model ap-
proximates the dynamics of the detailed model quite
well. The obtained simulation model can be linearized
and used in a Kalman filter to estimate state variables
that are not measurable but important for the glass
melting process. Effects of disturbances than white
noise (e.g. offsets because of sensor aging) can be
dealt with in the Kalman filter by extending the as-
sumed process model with coloring filters.
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