(lass Technol, 2003, 44 (1).25-9

Computational intelligence technologies in the
design of hierarchical control
architecture of glass melting furnaces

M. G (

Carvalho' N. Kayakol

[nstituto Superior Técnico, Technical University of Lisbon, Mechanical Engineering

/)(E;)m Tment,

M. Nogueira

Av. Rovisco Fais, 1049-001 Lisbon, Fortugal

[rRAIDIARE, Research and Development in Engineering and Fnvironment. Lid,
Beco do Quebra Costas 4, 1100-424 Lisbon. Fortugal

Manuscript received 19 December 2001

Revision received 23 August 2002

Accepted 30 August 2002

The present paper overviews the benefit of advanced
mode] based control strategies considering the increased
emphasis placed on the operation of industrial glass
melting turnaces in a sate and profitable way, while
improving the glass quality and preserving a clean
environment without equipment degradation. Several
research studies explore mc//md()/owm in order to
execute o transition from the manual control of glass
lurnaces and the use of off-line modelling tools to the
on-line H//)(/(‘] based strategies thal can
iss furnaces. The present study explains the
pplications of model based expert systems
control applicable to fault diagno-
sis, thermal and emission efficiencies and operator train-
ing /m‘r‘w s a review of methodologies used for the
integrarion of the computational inte ]/ ‘eence and con-
ventional mathemeatical modelling technologies in the
desion ol hicrarchical control architecture ol glass

melting furnaces
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The glass i MiU“l ry is expecting to meet future challenges
set by the alternative ecologically sustainable materials
and global competition in terms of the price and qual-
ity of the ;uo\,}\u ts. The industry demands new meth-
: nod technologies for the operation of glass
melting rnaces in a safe and profitable way while
satistyine rhe elass quality specifications and environ-
mental requiations without (\quxpmem degradation.

odologies a

Recent developments in mathematical and artificial
welligence m Hdc}[mu sensors and computer technol-

ogy lead to .Iu\ deve i(}pmem of new control strategies
for },J‘].I.‘«,‘-‘ making process control. This paper is con-
fwith the use of rathematical and artificial in-
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telligence modelling (Experts Systern, ES, Fuzzy Logic.

L, Nemdl Network \\ and Genetic Al lgorithms,
GA) toolsina hierar thdl control structure of a proc-
ess. The BES seems to be the next step following con-
ventional control systems. advanced control (model
predictive control, MPC) and optimisation tools. The
ES can be used to compile and analyse real time data,
CFD (computational fluid dynamics) results, operator
observations and laboratory analysis, to draw infer-
ences and (o issue recommendations for optimal aper-
ating of glass making processes.

The present study describes the need and potential
applications of the bS which allows for the combina-
tion of mathematical and artificial intelligence models
for on-line control optimisation. The architecture of
the ES that can be applicable to a glass furnace is de-
scribed. The capabilities of commercial ES software
packages are given to help development engineers dur-
ing the technology transfer from other industries. Fi-
nai pwvmu% studies in the field of control and
supmwb;on for glass processes are reviewed.

Current state and needs of control of glass
furnaces

Inthe glass industry, the current control systems require
sxgjmhcan advances to achieve energy and cost
reductions as well as a better product control. Because

unnecessary extra energy is used for glass making proc-
esses due to n.suﬁhupm and incorrect measurements
and manual controf over the furnaces.

The conventional PID (proportional integral deriva-
tive) coritrollers cannot meet all modern requirements
of glass melting furnaces control, namely because P1D
controllers are not easily adaptable to new operating
conditions and under the exclusive supervision and
control of huwman operators. In the PID hased con-
trol, if the process characteristics change because of
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Table 1. Components of hierarchical conirol structure of a process with implementation tools

foouiitial rasks Addvanced technolog Level of fitelligence
wer {controlier) levet Data acquisition and reconciliation SCADANS
» Hirine and air low rate Repulaiory control (P1D) Sense of the environient
> Ciass tevel Advanced control (MPC, FL, NN, GA)
Intermediate (supervisory) level Sensor validation
o Glass qualiny Process monitoring

demission {(NOx) efficiencies ing and trends

VIRt opes “.IHLM.I‘.(HHY)”S
noand quality
Si mr;\wm control {Set point changes)
Bligher fevet Strategic decision
| [ Planning and scheduling
uild
Vi {peedictive contral, FL: fuzzy fogier NN newral network: GA ¢
wirol oA LA supervisory control and data acquisition; ES: expert systems

new operating <"om‘iti(ms {change of colour, pull rate)
(e parameters of PLD controllers (gain, time constannts
or dead time) must be adjusted or retuned. Despite
tinine tools (Ziegler-Nichols, Brodia, process reaction
mvslu'»ds) calewdation of optimum PID tuning
titferent operations is not straightforward
due to a;'»('k m!'1md(\t"srandmg of PID tuning techniques
and the difficulties in obtaining an accurate transfer
functon for glass processes having long time delays
and changing characteristics. Therefore, the process is
controlled manually by the operator’s acceptable but
nal o m*ml ac tions. Manual LOHUOI affects

fass quality. For example, it takes
abilise the process because of incorrect

curve

vaiues 1or

not optit

o ternperature sensors (thermocouples and
rometers) used in the glass industry are very
tvelinble after a while. They decay due ta corrosive
cnvironment and estimate temperature inaccurately. In
manual control. <)p erators verity and correct the
termperature reading coming from the sensors. Incorrect
estimation of the te ﬂlpeid'[l,ll(? causes wrang adjustment
ol heat input to the process.

fhere exists a very real need to assist operators in
(ing especially for problems related
‘ catity. This is mainly due to the lack of precise
knowledoe ,t&mu hoth the steady state and dynamic
the glass processes. The typical charac-
teristics of the glass melting furnaces are the broad
residence time distribution, sensitivity to small fluc-
Cuations, especially in batel composition, flame cover-
ace and heat transter, the bateh pile movernents and
{ h.mm-a in thic }\ness of the refractory walls over time.
Fhiese complexities of glass melting processes require
extensive modelling activities and corresponding sen-
sor development efforts such as on line determination
ol melt constituents, oxygen activity measurements and
[Tame visualisation for further improvements.

hehaviour of

Hisrarchical control structure of glass furnaces
The task ol the control systems of glass furnaces is to
keep the process x':n‘iz‘tble‘ (temperature, pressure. level,

t points and effectively handle the
essential prob lcm\oi the glass industry such as energy
saving. olass production with fewer defects (bubbl(&,
chords. stones. ete.) and the reduction of changeover
nd pull changes.

ete.) at their se

firmes a
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etic alporithms: DCS: distribured control syseens; PLC:

Learning
Addaplation
Reassoning

Plamying

prograimmable logic

Hierarchical control structure is a functional archi-
tecture where the basic control activities such as regu-
latory control, supervision of each control unit, data
storage and analysis, and man-machine interface are
inserted in a hierarchical manner in order to cope with
the complexity. The concepts of intelligence and con-
trol are closely related. Since a control system is an
intelligent system. the characterisation of an intelligent
system may provide a good understanding of the
complex control problems."”’

The multilevel concept of the hierarchical control
structure is displayed in Table | which describes the
components of the hierarchical control structure of a
process with the implementation tools. The hierarchi-
cal control structure of a process is categorised into
three levels as fallows. 7

The lower {controller) level includes data acquisi-

tion (I/O processing), logging and reconciliation. in-
strumentation and bhasic rooulatom control (P1D). This
execution level is also called low level of intelligence in
terms of the characterisation of an intelligent system.
Ataminimum, intelligence requires the ability to sense
the environment, to make decisions and to control the
actions. For example. 1/O processing typically refers
to the measurements with a minimal “intelligence’ at
the /O point. The ‘Smart’ 1/O, with at least a minimal
local memory and processing capabilities keeps the
output at a fixed level when communications are lost.
2. Theintermediate level is also called supervisory level.
The local controllers are evaluated in order to confirm
whether they satisfy the prescribed performance criteria
or not. The optimisation tools specify the set points of
the controllers. The diagnostic system, which derects
and predicts faults and failures, requires complex rea-
soning activities that call for computational intelligence.
including the BES and soft computing (FL. E\N and
GA").
3. The higher level includes management, planning and
><‘hedulmg. Higher level intelligence may include the
ability to learn how to cope with the changing circum-
stances. to act appropriately in an uncertain environ-
ment and to reason about and plan the future,

In glass furnaces, at a lower level, the short term
control variables are firing rate, air flow rate and batch
feed rate. Intermediate and higher tevels deal with long
term controlling parameters such as batch preparation,
fuel type and quality and furnace condition.



M. G. CARVALHO ET AL: DESIGN OF HIERARCHICAL CONTROL ARCHITECTURE OF GLASS MELTING FURNACES

The How of knowledge and data between these lev-
els requires an advanced hardware and software tech-
nology. The conventional control systems in glass
fiunaces are based on the DCS (distributed control
system) and the PLC (programmable logic control-
]< <) F Ew (i; wa s transmitted from the instruments
the PLC through the SCADA (supervisory control
mld data acquisit tion). SCADA systems provide a com-
plete computer interaction with the controlled proc-
ess. Lhe whole process is viewed and monitored by
praphical user interfaces. The operator may interact
and supervise it from a control station. The ES may be
considered as a SCADA system enhanced with math-
ematical and intefligent modules that may infer knowl-
edge fro

m relevant data.

Expert systems

The modelling, in an expert knowledge environment,
is classified into three categories.

I Knowledge based guidance in modelling: ES may
provide support for a CFD application during the grid
generation, input
relaxation parameters. Consultative ES may be used
to cultivate i.’wl’)ﬂz'i'n’]('e(l engineers and computer
specialists into CHD engineers.

2. Combining modelling and knowledge based sys-
tems: the BS is a dynamic tool. The performance of a
process may be tested periodically. It allows the use of
CFD models for on-line control by employing
predefined simulation results which work as reference
mpnma: operating conditions,™

3. Representing knowledge in niodels: the rule based
representation of a nonprocedural knowledge may be
used as a qualitative model in case a validated numerical
macdet does not exist, for example, the interaction
between alass currents and refractories.

Basic principals of expert systems

Fieure | shows a hybrid system that couples a rule-
based expert system with different mmerical modelling
tools in order to execute an on-line control
optimisation. The system consists of:

. amonitoring system which converts a huge amount
of process data (sensor readings), coming hom cach
section of the process, into useful values that can be
processed by the BES;

2. amodet library that contains various models (CEFD
models. saft computing, simple models. optimisation
toolsy which produce reference data for inference
mechanisns and information for process evaluation;
and
3. an £S5 shell that performs a decision making activity
by compiling the available knowledge from process
data, model library and operator experience.

The on-line implementation of the transient CFD
models on the control systems is limited due to the
excessive computation time but the ES provides the
u:@ ol steady state CFD codes at the supervisory level.

CEFD codes are used to generate a database covering
H.(‘ range ol process operations and simplified models
or functions for the model library.

The ES can be used either on-line or off-line. In the

<
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Figure 1. A configuration of the ES

former the ES gives recommendations, which specify
the best Comml str ateg 7 to follow in predefined situa-
tions, to the operator. Most currently implemented ES
runs in tandern with existing control strategies, which
allows plant operators to select which control action
to follow.” In the latter. operators enter into a dia-
togue with the ES supplying answers to the questions.
What-if analysis provided from the off-line use of CFD
models in the ES can hc uscd for training of inexperi-
enced or new operators.'” The open architecture shown
in Figure 1 allows on-line access to relevant data and
information but is lmited to the memory and CPU of
computers.

The successtul application of the ES depends on
the overcoming of the knowledge acquisition bottle-
neck, the knowledge base maintenance, the integra-
tion within existing systems and the transparency of
the inference mechanisms. Besides the above implemen-
tation problems, the expert systems are not good at
recognising in case no answer exists or when the prob-
femn is outside their area of expertise.

Expert system building tools

The ES tool or shell is a software development
environment."” As shown in Figure 1 it typically
C()I’l&.iS[S of four basic components:

a knowledge base which contains knowledge that is
1(\pxesemed as IF-THEN rules, frames or logical state-
ments:

2. a reasoning engine which works with an inference
mechanism such as the backward chaining IF-THEN
rules and the object oriented. case base and model
based reasoning;

3. adatabase that contains knowledge that was entered
by a user or concluded by the system itself; and

4. a user interface with which the expert system
commmunicates with the user.

ES shells (G2, EUREKA) have come to the market
recently.” These tools are usually equipped with ready-
to-use knowledge representation schemes, inference
engines, databases and user interfaces, a knowledge
editor and only the knowledge hase needs to be xmple—
mented. The rules in the lx.no\.ﬂ,le,d;;e base are classified
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according to their usage area, such as fault knowledge

ission and efficiency knowledge base. ™

base, em

Fault diagnosis by expert systems

Fault 10sis s one of the potential applications of
the B e Jmlhmctmm of a process are expressed as
either o faiture, which means an operational breakdown
or octaudt, which are deviations from the normal opera-

tional conditions.” The fauh diagnosis includes fault
isolation {i.e. loc u[ ion of the faul ) and identification
(i wnitude of fault) tasks. The ES can be designed
:m liagnoses including equipment tailures, process ab-
ities and defects. The diagnosis includes pattern
recognition and reasoning activities. The basic steps of
rhe diagnosis are as follows:
. Sensor validation: the analysis of the malfunctions'
starts with the interpretation of the sensor
readings. Some sort of faults may be easily detected
by checking the limits. However, identification of sensor
Bias or dererioration prerequisite compilation of knowl-
edee from process models, qualitative process relation-
ships, emipirical correlation, history of sensor and data
from other sensors, ete,”
2. Trend analysis: a data analysis technique may be
used to determine the rate of change of the process
condition
3. Ceeneration of malfunction hypotheses: a trouble-
shooting or decision tree is formed for the diagnostic
search. This approach is a process oriented approach
that is hased on structural decomposition of the process
in terms of functionality of the sub processes and the
fault categortes.™ The hypotheses are hierar-
chicaily mranged. For example, the hierarchical ar-
rangement of hyDOThPSPS for the glass melting
process—melting, refining, conditioning and glass
quality— may form the nodes of the hierarchy at the
upper level of the decomposition. More specific mal-
functions. such as specific modes of failure and im-
proper operating conditions, would be the nodes of
the lower levels.
1. Bvaluation of hypotheses: the decision tree is
searched recursively by applying an inference mecha-
nisim (o evaluate the fault or failure hypotheses from
the svimptom eondition, which is represented in the
form of rule. In case multiple hypotheses are identi-
fiect by the diagnostic search, the consequences of the
svinptoms are used to determine a possible interac-
tion between the malfunctions.
A rufe based knowledge is more transparent and
verified by the domain expert. If NN is used

root cavse

ceneral

may be
for the diagnostic search, the ES is not able to tell the
operator how a specific faalt situation is defined.

Advanced control applications in the glass
industry

i recent vears much attention has been pald to com-
putational intefligence in order to make controllers au-
tonomous and intelligent. Some of the recent studies
about glass furnace ¢ (mtml at the supervisory and regu-
latory contral levels of the hierarchical control (uchz—
tecture are displayed in Table 2. i these studies®
different models, having different levels of complexity
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Table 2. Advanced control applications in the glass
industry

Advanced control  Applicaiion References

s Optimisation Barmer el af”
Optimisation and glass Carvalho & ‘«Jp,iem“" "
cuality
Glass quality Chmelar Fr
MPC Temperature controt Schill e

Chmelar er a7
Hudsman er af!
Correta et a'™

Temperatare control

[emperature control
Flame iiage Optimisatiun
P‘lif("h&”lg‘ }},‘5[(‘11!

NN and i

Colowr change Bauer e a/'"

A gas hearth control B m»\olnu or al™
1 Temperature control Matik'
( ligs tubing pr

0Cess Zuo & i
perature control Nakagama & Kimura'
GA \’ ptimisation Pi
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and usefulness that depend on different approaches,
are used.

Table 2 indicates that artificial intelligent tech-
nicues are used for the control and diagnosis of glass
melting furnaces. The ES acts as a knowledge man-
L\OE‘I at supefw\orv control. A mlmdlmn of transient

J ‘D models for on-line control of glass furnaces is
limited by the computational requirements involved.
The ES provides the use of ste: 1(1\ state CFD models
at the supervisory level for the on-line evaluation of
the indirect control parameters such as the pollutant
emissions, thermal efficiency and glass quality.” "
Due to the large amount of computational time re-
quired for caleulation of bubbles {rom the batch, a
knowledge base that represents furnace operation,
behaviour of defects and blister chemistry is used to
analyse chemical composition of bubbles."” Another
point of interest is the training of new operators to
control glass furnaces and 14\H(\ hing old operator’s
knowledge are important, time and money consum-
ing. The ES allows the off-line use of CFD maodels
for optimum control decisions as well as the knowl-
edge of experienced operators for acceptable control
decisions under typical operating conditions simulated
during the training of operators, Figure 1.

As an alternative to PID-based control MPC refers
to a class of algorithms that compute a sequence of
manipulated variable adjustments in order to optimise
the tuture behaviour of a process. Due to the solution
of contained optimisation problem in its algorithm,
MPC can handle supervisory control problems, e.g
glass quality. The performance of MPC on glass fur-
naces depends on the accuracy of dynamic model cap-
turing highly nonlinearity of the process, CFD results
are used for the derivation of a step response model in
MPC for temperature control."” The MPC which use
a linear dynamic model identified from test data, is
used for temperature control™ but the use of a sim-
plified nonlinear model, derived from simplified math-
ematical description of the glass melting process
(melting redox, fining, foam formation, homogenis-
ing) for MPC is investigated."”

As can be seen from Table 2, the application of soft
computing (FL, NN, GA) to nonlinear control’'’ * is
another .dtpm(m\/o whern the accuracy of nonlinear
mathematical model is unsatistactory. Dynamic test-
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ing during the process is necessary to create the knowl-
edge base for the construction of input output model
(NN or rates (FL)™ Due to limitations of meas-
atements in furnaces for the construction of dynamic
models. operator's knowledge and CFD results are in-
fegrated in a feed forward adaptive Neuro-Fuzzy con-
trof. "

Some tec

chnical advances have not vet been incor-
porated o the glass praduction control. Computa-
tional mctlizence for example FL modelling is not
incarporated into MPC for glass fuunace control. In
nost ;.};;);:(w; ions advanced controllers run in tandem
withexistine PLD controllers which rneeds retuning fre-
quently. Fos [ 1D controllers a tuning knowledge base
can be developed by using computational intelligence
techniques and bS can supply P1D parameters for dif-
ferent operating canditions at execution level. The tun-
ing knowledge base can also be used for training of
new operators on a control scenario.

Difficuities in the accurate monitoring due to physi-
cal restriction or high temperature and hostile envi-
rorment cause missing vital information and hence
make control of the furnace inherently difficult. The
status of the sensor tec :}'n’xoiogy for the glass making is
available elsewhere. ™" As development in sensor tech-
nology inues control strategies will be modified
ac com'!ix 5 v. For float furnaces, hierarchical glass pro-
ductios ol hased on integrated control system,
which ¢ mnhme» product sensors and numerical models
and NN, s outlined by Haber.%” On-line character-
isation of the flame geometry can be correlated with
air/tuel ravio. level of nitrogen oxide emissions and
flame temperature. A model hased control strategy for
optimal control of fuel efficiency in glass furnaces is
developed™ and a flame viewing system is used for the
control of atomisation air, with the conventional
control whirh uses crown temperature to control air/
fuel ratio. A new application area of NN in a glass
furnace is recognition of the flame patterns as a
function ol operational condition.™

Conclusion

Fhe present study is concentrated on the state of the
art in the field of advanced model based control strat-
egies to be ;ywd in the glass industry. Comments on
recent met} x(>tuoxes ivn Ih(‘ integration uf mod( lmo

st;gn of ]m'mn hl(‘f:\! (:omrol architecture Of glass melt-
ing furnaces are given. The importance of improved
process control with model based expert systems is
emphasised. b Xpert systems as a knowledge manager
At asupervisory level provide better process controf by
using CHD. artiticial intelligence modelling tools and
verbal process experience frorm the industry.
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