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Adaptive Control System

Under Development for

Continuous Furnaces

THIS ARTICLE DESCRIBES A
STATE-OF-THE-ART UNIVERSAL
SUPERVISORY COMTROL SY5-
TEM THAT 13 UNDER DEVELOP-
MENT FOR MONITORING, CON-
TROLLING AND DIAGNOSIS OF
CONTINUDOUS FURNACES.
WHEN APPLIED TO A FURNACE
EQUIFPED WITH PROPERLY
FUNCTIONING PROCESS CON-
TROLS, THE S¥YSTEM CTAN HELP
DETERMINE FURNACE OPERAT-
ING PARAMETERS FOR NEW
PRODUCTS WITHIN THE FUR-
NACE DESIGN COMNSTRAINTS.

intering is a critical

process in the pro-

duction of powder

metallurgical [P/

parts,  Since  the
resulting  properties of these
parts arc direct functions of
the heating environment exist-
Ing in a sintering furnace,
maonitering and control of the
cycle parameters is extremely
important. Currently, the adap-
tive control system described
here has been applied success-
tully to operational sintering
furnaces; however, the system
may also be applied to orher
industrial furnaces and heat
Ereating processes.
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A 'supervisory" system is
one used to augment the phys-
ical controls on a furnace by
performing functions that are
otherwise performed by an
aperaton, eg., specifving see-
points and recording  process
variables. Some of the furnace
parameters that need o be
controlled in sintering applica-

parts while under production.
The unigue feature of the
supervisory control system is
its ability to generate real-nme
set-point  paramerers  using
oprimization techniques. More-
owver, it has the abilicy to adjust
the parameters utilizing staris-
tical process control and adap-
tive learning.

I5 IMPLEMENTED

BASED ON THE ABILITIES OF THE FURNACE
CONTROL

tion include temperature, pres-
sure, oxygen and dew point,
and carbon potential.

This supervisory control sys-
tem, known as LINEMOD,
includes models for off-line
simulation and on-line control,
The off-line model uses a fur-
nace simulator for furnace
inputs while the on-line model
monitors an actual furnace,
Bath systems utilize compurer-
aided design (CAD) descrip-
tions of the parts that enable
the models o calculare che
thermal conditions inside the
parts being processed. The off-
line model cnables furnace or
process designers to simulare a
product run and cstimate the
process variables before pares
are placed in production. The
on-line model is responsible
for real-time tracking of the

The system is a mulei-task-
ing, multi-user software sys-
tem capable of performing
charge scheduling, product
tracking, communication, math-
ematical modeling, set-point
management, adaptive learn-
ing, data collection, and report
generation. The underlying
conceprs for the above features
are explained in the following
paragraphs, The major ele-
ments {subsystems) of the core
software work rtogether to
facilitare the control and pro-
vide operational insight into
the process,

CONTROL SOFTWARE
ELEMENTS
In order for an adaprive
control system to control and
monitor @ furnace, it must be
configured and interfaced to
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the Level 1 systems {con-
trollers) of an operational fur-
nace and muost know the con-
tiguration of the parts to be
heated. The system must then
run  the necessary models
before tracking the pars as
they move through the fur-
nace. A system overview anc
the data communication path
are shown in Fig. 1.

COMMUMNICATIONS

To  control the furnace
parameters and o receive feed-
back on the operation of the
process, the comtrol system
needs to communicate with the
furnace sensors and con-
trollers, These controllers may
be single loop comtrollers
{5LC)}, programmable logic
controllers (PLC), or distrib-
uted control systems (DCS).
Based on the feedback, the
control paramecters are modi-
fied to achieve the processing
requirements for the pares,

Communication 15 imple-
mented based on the abilities
of the furnace control devices.
Currently, communication has
been established using serial
protocols and wich incerface
software from Level 1 control
equipment suppliers. Az new
Level 1 control equipment is
introduced, more  interface

protocols will be developed.

CHARGE SCHEDULING
Configuration data for P/M
parts may include part dimen-
51005, fime At temperature, ini-
tial density, material properties
of the powder, erc. This data is
provided through the charge
scheduling human machine
interface (HMI) which allows
the furmace operator to idenri-
fy the properties and process-
ing requircments of the parts
w0 be charged. This data may
also be received from a sepa-
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rate scheduling computer or
the furnace operator's Level 3
scheduling or management
system. The data is then avail-
able for editing through the
charge scheduling HMIL.

FRODUCT TRACKING

The primary function of
product tracking is ro maintain
the identification of all the
parts inside a furnace and pro-
duce a map of the physical
locanion of the parts inside the
furnace. Once parts are loaded
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cal of a furnace with full com-
munmications capabilines. The
simulation may include heat-
ing response, cooling response
and armosphere response,

The simulator may  be
applied for operational or engi-
neering purposes including gen-
eration of furnace setup param-
eters for furnaces equipped
with conrrols that do nor have
communications ability, or test-
ing of multiple furnace designs
tor achieve processing require-
ments for specific parts.

As NEw LEVEL 1

CONTROL EQUIPMENT IS INTRODUCED,
MORE INTERFACE PROTOCOLS
WILL BE DEVELOPED.

into the furnace, the informa-
tion associated with the parts
is rransferred from a schedul-
ing subsystern to a tracking
subsystem. In a continuous
furnace, the tracking subsys-
tem updates the position of
each part according ro the dis-
tance moved, This information
is then fed to the machematical
maodel for updating the part
temperature, carbon content,
densiries, etc.

As parts reach the discharge
position and exit the furnace,
the tracking system removes
the part information from the
tracking map and the histori-
cal records are compiled for

the report generation,

SIMULATOR

The purpose of the simula-
tor in the adaptive control sys-
rem is 1o generate furnace
setup  parameters  withour
being connecred to a furnace,
In other words, the simulator
is a virtual furnace as designed
by operations personnel or
engineers, with responses rypi-
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When running the control
system off-line, the simularor
receives the set-point parame-
ters from the control system,
simulares the response o the
ser-points and returns the data
to the control system, The sim-
ulator is totally transparent to
the furnace control system.

SET-POINT DETERMIMNA-
TIHOM AND MAMNAGEMENT

The wnique feature of this
supervisory control system is
its capability to generate real-
time  set-point  parameters
using optimizatnon rechnigues.
Ar present, only the furnace
zONE temperatures may  be
determined, however, in the
future optimum gas flow will
also  be determinable. The
model is capable of generaring
an on-line heating strategy
during the heating cycle there-
by achieving lower fuel and
gas comsumption and higher
throughputr. The cooling zone
temperature and the fan speed
can also be derermined in a
sirmilar manner.

In conventional pracrice, the
basic control philosophy is to
specify the set-point parame-
ters of each heating zone
according to a prescribed heat-
ing pattern. In this on-line set-
point management system, this
concept is abandoned, and the
furnace paramerers in Eones
are directly determined by real-
time computation using linear
programming. When using this
method, a set of constraings is
applied to formulate the objec-
tive function of maximizing
efficiency. Examples of such
constramts are shown below,

* The mean temperature of the
parts at specibic locanons
within a furnace should be
higher than or equal to the
estimated or target tempera-
ture of the parts at those spe-
cific locations.

* The remperature differential
between the coldest amed
hotest spot should be less
than a cerrain esrimated
value or range.

* Each control zone operating
temperature should be wich-
in a prescribed Limir,

* The temperature difference
between two adjacent zones
should be within a pre-
scribed limit.

The above constraints can be
represented  mathemartically,
thus the determination of the
zOMEe paramerers is a linear
programming  problem where
the contral variables are the
changes in the zone parame-
ters. The solution is obrained
ensily in real-time,

MATHEMATICAL MODELING

The mathematical mode] 15
the primary component of the
adaptive contral system and 1s
key to ser-point generation
and management. The model
is required to perform  heat



transfer and diffusion caleula-
tions and heatlenergy balance
calculations.

Mathemarical models gener-
ally consist of several equa-
tions that enable a system to
predict any transformation
taking place within a part or
system, Some of the mathe-
matical modeling techniques
that are used in the adaptive
contral system  include lin-
car/non-linear interpolation,
linear programming, hmce ele-
ment analysis, etc,

In order to monitor or pre-
dict any change in parameters,
the SYSIEM  IMUSE generate 2
boundary condition profile
inside the furnace and then run
fimite element models to calou-
lare this change.

The process of generaring a
continuous boundary condi-
tion is termed "profile genera-
ron.” In this process, the sys-
tem reads the actual data
points from the sensors located
at various locations along the
furnace length. These points
are then firred with a curve
from one end of the furnace o
the other. Providing sufficient
sensors o measure real dara

will guarantee an accurate pro-
file. A rypical temperature pro-
file is shown in Fig. 2.

The continuum  problems
that are selved for heat wrans-
fer and diffusion by the marh-
ematical model of the adaptive
learning contral system are
usually formulated in terms of
governing partial differenrial
equations. For heat transfer,
mass diffusion and fluid flow
problems, which arise in the
analvsis of conduction, diffu-
sion, and convection process-
es, this can be represented by a
general transport equationi?]
as shown below:

M el T (TP P o
rﬂ.,r+||3? (v} (T o 0

where:

. B, and T are known specific
propertics, and

i is the unknown parameter

t is the rime

v is the velocity vector

dsfdt 15 a volumetric source
rane,

In addition to the governing
differencial  equarions, the
appropriate  boundary condi-
tion must be specified 1o com-
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Fig. 2 &n example of 3 sintering furnsce production where temperature is the

manitored parameter.

plete the formulation of the
problem. The three types of
boundary conditions thar are
used in the models are:

b=,

ithe boundary condition of
first kind, where ¢P is the
boundary value);

—I'?D'H:q”"

(the boundary condition of
second kind, where q," is the
normal component of flux,
and » 15 the normal vector
direction); and

—W{llnzhfﬂf}

(the boundary condition of
third kind, where kb is the con-
vection coefficient, and ¢, is
the actual surface value).

The problem needs to be pro-
vided with an appropriace im-
tial condition thar should be

o=,

The property data used in the
above equations 15 pre-deter-
mined as a funcrion of tem-
perature and 15 stored in a
darabase,

In this approach, the finite
element method used ro trans-
form the continuum problem
to a set of algebraic equations
is either the variational princi-
ples ar, preferably the Galerkin
method. 1]

ADAPTIVE LEARMING

To calculate "optimal" set-
point schedules for produc-
tion, an accurate and robust
simulation of zone tempera-
ture {(or other parameter) is
required,” "Robust" refers to
the accuracy of the prediction
owver a wide range of operating
conditions, It is nor sufficient
that simulations be accurate
for only one specific, repeat-

able sequence. There must be
sufficient accuracy for devia-
tions from this set condition.
One way to address this com-
peting issue 15 o adopt a
model based on an adaptive
control  scheme.  In this
scheme, an artempr is made to
compare the actual measured
value with the predicred val-
ues from the model. Errors
between actual and measured
values are minimized by
appropriately adjusting the
parameters of the model.

DATA COLLECTION/REPORT
GEMERATIOMN

This element of the control
system  receives  production
and part data from the product
tracking subsystem, the mache-
matical modeling subsvstem,
and the communications suh-
system. The module then gen-
erates  production  reports
which may include data such
as part production rate, num-
ber of parts produced, weight
production rate, combustion
fuel usage, atmosphere usage,
electricity usage, and wrilicy
usage per unit weight of parts,

Individual part/charge re-
ports may include information
such as heating time, cooling
rime, part temperatures, fur-
nace temperature profles, esti-
mated part density, carbon con-
tent, or atmosphere profiles.

LISER INTERFACE

A graphical user inrerface
(GUI) provides a window into
the process. The GUI provides
the operator with the ability to
configure the properties and
peometry of the parts and
schedule the sequence in which
the parts are to be processed.
The GUI also allows the user 1o
monitor parrs as they track
through the furnace, evaluate
process data received from
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Level 1 controls or the simula-
(or, monitor set-points  being
generated by the control system,
and evaluate part data generat-
ed from the mathematical
model. The HMI screens may
be accessed through "point-
and-click” buttons or hot links.

SCOPE
The scope of the svstem
(hardware and software)

includes the following:

* the core sofrware conrrol
elements discussed above
(developed using Visual
Cws),

» graphical user interface soft-
ware 1o communicate with
the core sofrware (developed
using Visual Basic).

CONTROL &

* external interface communi-
cations to readfwrire daca

the database
write/read data to the Level
1 controllers. In some cases,
the communication package
may include a vendor sup-
plied APl
Programmers Interface).

¢ In lien of communicaton
ability wirth the Level 1
controls or an actwal fur-
nace, the simulator reads
data from and writes data
to the database,

* The database for informa-
tion being passed between
the core software and the
communications/simulator
(developed wsing Microsoft
Access),

trom and

[Application

INSTRUMENTATION

COMNCLUSIOMN

The BM sintering process
is dependent on variables such
A5 I.'i:l!'l"n!_‘.., remperarire, aros-
pheric gas composition and
flow rate, and producrion
rate. In addirion, parts under-
going the sintering process
may encounter different tem-
peratures and gas composi-
rion at different areas of the
furnace. The supervisory con-
trol software described here
has been developed to address
these issues. The incorpora-
tion of a mathematical simu-
lator with a Level 1 control
system can lead to process
optimization and improved
part quality.
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