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Intelligent control is an attempt to specify
the function of a controller in ways which
mimic the decision-making capabilities of
humans. Traditionally, issues relating to the
emulation of human-like capabilities have
fallen in the domain of artificial intelligence.
Intelligent processing is a specific form of
intelligent control in which the system to be
controlled is a process rather than the more
conventional mechanical or electrical sys-
tem. The National Institute of Standards
and Technology’s program on intelligent
processing of metal powders is a multi-disci-
plinary research initiative investigating the
application of intelligent control technologies
toimprove the state of the art of metal powder
manufacturing. This paper reviews the de-
sign of the institute’s supersonic inert-gas
metal-atomizer control system.

INTRODUCTION

In broad terms, intelligence has been
defined as that which improves an
organism’s ability to produce successful
behavior.! Successful behavior depends
on the objective of the organism, the
physical capabilities of the organism,
and the environment within which the
organism is acting.

Research into intelligence has been
closely associated with research into the
control of movement. This can be under-
stood by considering that the only overt
manifestation of intelligence is move-
ment. From this perspective, it has been
argued that the brain is firstand foremost
acontrol system.2 Animals are equipped
with nervous systems which, through a
succession of nerve cell layers, analyze
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Figure 1. A schematic cross-section of the
atomization assembly.

sensory inputs of different modalities to
achieve an understanding of the world
around them. Outgoing nerve signals
from the motor cortex are compared with
the incoming (feedback) sensory signals
to produce accurate and coordinated
behavior.

Issues relating to the emulation of in-
telligent behavior have traditionally
fallen under the domain of artificial in-
telligence (Al). It is interesting to note,
however, that Cybernetics, a movement
in the 1930s headed by Norbert Weiner,
acontrol theorist, was the first concerted
effortto constructanintelligent machine.
Having begun with the common goal of
designing machines capable of satisfac-
tory performance in uncertain condi-
tions, control theorists and Alresearchers
today have diverged into interests with
seemingly disparate goals. Recently, the
desire for greater versatility has reunited
the two fields in an attempt to achieve
robust “intelligent” control and behavior.

Intelligent control is an attempt to
specify the function of a controller in
ways which mimic the decision-making
capabilities of humans. Although the
term was first put into common practice
by Saridis,® the concept encompasses far
more than can be attributed to one indi-
vidual. Essentially, knowledge about the
system to be controlled (e.g., a manufac-
turing plant) is typically encoded using
production rules, frames and/ or object-
oriented data structures. Control of the
plant is carried out through goal-driven
and/ordata-driven strategies. By design,
the control system representation is
heuristic; therefore, it is, in general,
greatly approximative.

Intelligent processing is a specific form
of intelligent control by which the sys-
tem to be controlled is a process rather
than the more conventional mechanical
or electrical system. This complicates
matters because the differential equa-
tions which govern the behavior of the
process are more difficult to determine.
One approach to this problem is to use
computational models.

The National Institute of Standards
and Technology’s (NIST’s) program on
intelligent processing of materials is a
broad-based research initiative investi-
gating the application of intelligent con-
trol to improve the state of the art in
material processing. In particular, NIST
is researching the processing of metal
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Figure 2. Gas flow analysis by method of
characteristics with schematic representation
of shock formation (P, =7.0 MPa, P /P =71).

powders using close-coupled supersonic
inert-gas atomization.

SUPERSONIC INERT-GAS
METAL ATOMIZATION

Several important properties of metal
powder (and their consolidated prod-
ucts) are dependent on as-atomized par-
ticle size.*> These properties include
mechanical performance (e.g., strength,
toughness, creep resistance, etc.) as well
as physical characteristics of the powder
itself (e.g., particle shape, porosity, flow
qualities, etc.). Most of these properties
improve as particle size decreases; how-
ever, powder handling becomes more
complicated for finer powder because of
caking, environmental contamination,
pyrophoricity and other effects. The
strong dependence of properties on
particle size translates into an increased
demand on the process engineer to
dynamically control this aspect of the
atomization process.

Efficient control of a process requires
a detailed understanding of how the
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product is formed. In a gas metal atom-
izer, the powder product solidifies from
liquid droplets generated by the interac-
tion of energetic gas jets with a supply of
molten metal. NIST’s supersonic inert-
gas metal atomizer (SIGMA) has been
found to be particularly efficient in pro-
ducing fine powders (50% by weight
less than 30 um) for a wide range of
alloys.® The primary design differences
distinguishing the system from most
conventional gas atomizers are the ar-
rangement of gas jets relative to the
molten metal stream and the high-pres-
sure gas delivery system used to achieve
supersonic gas jet velocities.

The atomizing nozzle assembly or die,
shown schematically in Figure 1, is com-
posed of 18 gas nozzles arranged con-
centric to the liquid delivery tube with
an inter-jet diameter (D,) of 11.5 mm.
Each individual jet has a diameter (d.) of
0.8 mm. The jets are aimed at an angle
(o) of 22.5 degrees with respect to the
axis of symmetry of the delivery tube.
The delivery tube extends out of the jet
exit plane a distance (Z,) equal to 2.54
mm, with a diameter (D} equal to 9.91
mm. Also indicated in Figure 1 are loca-
tions used to measure several pressure
values. These include the plenum or gas
jet stagnation pressure (P ), the gas jet
exit pressure (the pressure to which a
gas expands in reaching sonic velocity,
P ), theliquid delivery tube oraspiration
pressure (P,), and the exit reservoir
pressure (P ), which is 100 kPa.

The resultant powder size is directly
related to the die geometry and process
parameters. Consequently, the gas-metal
interaction was studied to provide the
necessary process understanding to de-
velop control strategies.

PROCESS ANALYSIS AND
MODELING

The first and necessary step in the
designofacontrol systemis to determine
plant dynamics. With mechanical and
electrical systems, the characteristics can
be determined either by measuring the
response of the system or by mathemati-
cal modeling using well-established
component characteristics. Similar
methodologies can be employed when
the system to be controlled is a process.
In modeling a process, however, one
generally has to begin at a low level and
build up to the system level. This ap-
proach requires assumptions to be pos-
tulated which can only be verified after
the behavior of the composite system is
observed.

Several flow visualization techniques
(i.e., schlieren, 25 ns pulsed-laser holog-
raphy and 20,000 frames-per-second
cinematography) were used tostudy gas
only and gas-liquid atomization flow
fields produced by the SIGMA system.
Figure 2 shows the results of a two-
dimensional gas flow analysis using the

Figure 3. Schlieren photo of gas flow (P,=7.0
MPa, PP, = 71).

method of characteristics forP =7.0MPa,
along with a schematicrepresentation of
the curved shock formation as discussed
below and seen in the schlieren photo-
graph in Figure 3. A detailed discussion
of compressible jet theory can be found
in Reference 7.

The diamond-shaped areas on the
right half of Figure 2 represent regions of
constant flow properties bounded by
characteristic waves. The calculation of
characteristic waves began at the nozzle
exit and proceeded downstream until
the first shock wave was encountered.
Atthis point the calculation was stopped
because Prandtl-Meyer theory only per-
tains to isentropic, irrotational flow and
does not support the existence of shock
waves.”

Referring to Figure 2, at the exit of the
nozzle, the flow undergoes an expansion
fan in decreasing its pressure from I, to
P. Although the number of fans that
originate at the corner is infinite, a dis-
crete number was selected to allow a
solution by the method of characteris-
tics. Flow properties were calculated in
each sector bounded by characteristic
lines proceeding to the last sector in the
fan, where the free boundary condition
is satisfied (P =P).8

The calculated free-jet (constant pres-
sure) boundary and shock waves agree
very well with the schlieren photo in
Figure 3, where the free boundary is
clearly visible and the shocks are seen as
crossing lines near the geometric con-
vergence point of the jets. The contrastin
the schlieren photograph primarily re-
sults from the gas density gradients inte-
grated over the length of the light path.
Integration of the gas density gradient
results in the superposition of in-
formation from the full volume of the jet
passed by the light rays. This is more
apparent in the upper regions of the
picture just below the edge of the deliv-
ery tube where individual jets from each

side of the die combine to produce the
complex patterns seen in this region.

Aspiration pressure measurements
were made on the atomizing die in the
absence of liquid flow. Pressures were
measured in the gas plenum (P ) and at
the exit of the liquid delivery tube (P,),
as depicted in Figure 1. Aspiration mea-
surements were taken using three gases
(nitrogen, argon and helium) while
varying P, from 363 kPa to 11.2 MPa (the
P_/P,_ ratio varied from 3.63 to 112). The
results of the aspiration pressure mea-
surements for the three gases are shown
inFigure 4. Although the details for each
curve (location of slope changes, mini-
mums and maximums) are different, the
overall shapes are quite similar. The fea-
tures of interest seen in each curve are
the maximums of P, /P, for values of
P,/P, <20, the plateaus in each curve for
30<P,/P <60, the minimumsinP, /P,
and the gradual rise in P, /P as P /P,
increases past the point where the mini-
mum occurs.

The results of the characteristic analy-
sis indicate a peak Mach number value
of 8.73 and a minimum pressure value of
0.06 P, (6.0 kPa) in the jet. These calcula-
tions show that aspiration is the result of
free expansion within the supersonicjets,
which overshoots the free jet boundary
value (P) and continues expanding to
pressures below P_. Figure 5 shows a
generalized aspiration curve that re-
produces the important features of the
curves shown in Figure 4. Alsoshownin
this figure is a simplified characteristic
analysis for an underexpanded jet with
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Figure 4. Aspiration curves for nitrogen, argon
and helium.
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Figure 5. Generalized aspiration curve show-
ing the predominant features of the curves
shown in Figure 4.
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Figure 6. Block diagram of a pattern recog-
nition system.
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Figure 7. Comparison of a randomly gener-
ated particle size distribution with that cal-
culated by the neural network.

positions along the boundary marked to
represent the location of the delivery
tube corner (the aspirating location) for
various pressure ratios. The condition
marked “a” corresponds to the peak in
aspiration and results from operating
the nozzles at low pressure ratios that
place the shock wave near the delivery
tube corner. Condition “b” is reached as
the pressure ratio increases and the re-
gion of compression preceding the shock
moves to the aspirating location. Con-
dition “c,” corresponding to the aspira-
tion minimum, occurs when the region
of maximum expansion is moved to this
position, and, finally, condition “d” is
reached for any further increase in the
pressure ratio.

NONDESTRUCTIVE
EVALUATION OF PRODUCT
QUALITY

Traditional process control typically
involves statically defining process pa-
rameter set-points, processing the prod-
uct, evaluating the product and chang-
ing the process parameters to improve
process output. It is the aim of process
feedback control to use process output
information, acquired during produc-
tion, to guide the on-line adjustment of
process parameters to beneficially affect
the process output.

The size of the metal powder particles
produced by the SIGMA is determined
on-line by passing a laser beam through
the particle flow, measuring the inten-
sity distribution of the light scattered by
the particles and using the relationship
between the particle size and light inten-
sity distributions. The light scattering
(Fraunhofer diffraction) phenomena can
be described by the following equation:

e=Tw 1)

where w is the particle size distribution
discretized into a number of bins of pre-
scribed particle diameter ranges, e is the
light intensity distribution incident on
detector diodes of specified radial
thicknesses, and T is the model of the
Fraunhofer diffraction in matrix form.
Theaccuracy of this mathematical model
has been demonstrated by comparisons
with measured light intensity distribu-
tions produced by a stationary particle
size distribution.!

The ability to describe the optics using
a matrix, as in Equation 1, suggests the
calculation of the particle size distribu-
tion using the inverse of the T matrix
such that

w="T"le 2)

Although calculating the inverse of a
matrix is mechanically a trivial matter,
the matrix to be inverted must possess
certain properties sothat wheninverted,
the solution produces physically realiz-
able particle size distributions. Due to
the nature of the scattering effect and,
thus, composition of the transformation
matrix T, calculation of particle size dis-
tributions by way of Equation 2 has
proven to be, as yet, infeasible.

The approach taken to solve the in-
verse transformation problem involved
the use of an adaptive pattern recogni-
tion algorithm. As illustrated in Figure
6, the signals x* in Rr space input to a
pattern recognition system are trans-
formed into the output signals y* in R»
space by a transfer function (also called
associative mapping) of the form:

vk = M(x¥) (3)

The problem of pattern recognition,
called the paired-associate problem, is
to derive a function M such that for
every pair {(x}, y¥), k=1,2,...,pj,
Equation 3 is satisfied." The calculation
of a particle size distribution fromalight

intensity distribution can be formulated
asa paired-associate problem, where the
pattern x* input to the pattern recogni-
tion system is a measured light intensity
distribution vector:

ek ={ek, ek, ..., ek}
and the output y* is the corresponding
particle size distribution vector:

wk={wk wk, . . whk}

fork=1,2,...,p.

The associative mapping which per-
forms the inverse transformation was
generated using anadaptive pattern rec-
ognition algorithm based on the prin-
ciple of neural computing. Figure 7 de-
picts the comparison of arandomly gen-
erated particle size distribution, simu-
lating the passing of metal particles
through the sensor’s measurement vol-
ume, with that calculated by the pattern
recognition system. Although there is
strong correlation between the two his-
tograms, there are a few sieve bins with
considerable discrepancies.

This level of performance is consid-
ered quite high for real-time particle size
analysis. Because Fraunhofer diffraction
is a nonlinear transformation, small dif-
ferences in the light intensity distribu-
tions greatly magnify the differences in
the particle size distributions. Figure 8,
which illustrates the light intensity dis-
tributions corresponding to the particle
size distributions of Figure 7, demon-
strates this phenomenon. As canbeseen,
the light intensity distributions are vir-
tually indistinguishable.

EXPERT CONTROL OF THE
ATOMIZATION PROCESS

Figure 9 diagrams the architecture of
the SIGMA's process control system. The
high-level controller refers to a physi-
cally remote computer with which an
operator can interact via the keyboard
and graphics monitor. The world model
is a database describing the state of the
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Figure 8. Light intensity distributions corresponding to the particle size distributions of Figure 7.
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Figure 9. A schematic diagram of the atomizer control system.

atomization process, which is continu-
ously updated during processing. The
low-level controller performs the direct
data acquisition and actuation as well
the time-critical control functions. The
product sensor is the previously de-
scribed in-situ particle sizer.

The high-level controller’s decision-
making strategy is based on the prin-
ciple of hierarchical control.’? In this
approach, the strategy is considered to
be goal-directed. The controller’s high-
est level goal, the objective, is de-
composed into a number of more el-
ementary sub-goals. All of the sub-goals
have to be achieved to accomplish the
objective.

To carry out the necessary goal de-
composition, the controller is divided
into a number of control modules. The
control modules are related in such a
way that a next lower level module is
responsible for the accomplishment of
one or more of the sub-goals. Each sub-
goal becomes the objective for thatlower
level module, resulting in a recursive
definition of the overall objective.

The knowledge required to decom-
pose a module’s objective is called the
control knowledge and is stored in its
knowledge-base in the form of facts and
production rules. A fact in the knowl-
edge-base has the following form:

[relation item-1 (item-2 ... item-N)]

The items in the fact are associated by
the givenrelationship. Anexampleof an
asserted fact is

(equal-to Die-Pressure 1000.00)

which could mean that the measured
pressure in the die plenum is 1,000 psi.

The exact meaning of a fact depends on
its use in a production rule.

A production rule specifies the action
that is to take place when a given condi-
tion is encountered. As a result, a rule
has the following form:

IF condition THEN action.

The condition, also called stimulus or
state, is made up of a number of facts.
When all of the facts which make up a
rule’s condition have been asserted (en-
tered in the knowledge-base), the rule is
said to be triggered. More than one rule
can be triggered simultaneously. A con-
flict-resolution policy is used to select
from among the triggered rules. When a
rule is selected, it is said to be fired.
When a rule is fired, the rule’s action,
also called a response, is performed.

If only onerule can be triggered atany
one time, the rules in the knowledge-
base make up what is called a state-table.
If the policy used to select a rule is vari-
able, the controller is considered to be
adaptive. If the manner in which the
selection policy is varied leads to a better
performance, the controller is said to be
learning. All of the these methods make
up theintelligent decision making of the
atomizer’s control system.

As currently designed, most of the
SIGMA'’s control knowledge is of the
pre-programmed type, whichisacquired
from an understanding (albeit incom-
plete) of the atomization process. The
software is designed to permit easy de-
velopment and modification of the con-
trol knowledge and architecture used to
execute atomization runs. As new
knowledge is acquired, it can quickly be
added tothe knowledge-base. Similarly,

as new sensors or actuators are added to
the atomizer system, additional control
modules can be incorporated in the con-
troller. '
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