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AUTOMATION OF NEUTRAL BEAM SOURCE CONDITIONING WITH
ARTIFICIAL INTELLIGENCE TECHNIQUES

Rowland R Johnson, Tom Canales and Darrel Lager
Lawrence Livermore Nationa! Laboratories
P.0. Box B0B
Livermore, California 94550

Abgtract: This paper describes a system that
automates peutral beam source conditioning. The sys-
tem achieves this with artificial intelligence tech-
niques. The architecture of the system is presented
followed by s description of ita performance.

Introduction and Motivation

Magnetic Fusion Energy experiments are done with
systems that are composed of several compiex subsys—
tems. It is clear that in order for MFE to be fea
ble that moat, if not all, of the subsystems must be
operated sutomatically. The goal of this project :s
the nutomation of one of these aubaysteas.

A msjor concern of all MFE experiments is plasma
generation which is accomplished with a device called
a neutral beem source. A svarce first ionizes a gam
and then scnds 1t through an scceleraior to impart
energy to it. A newly manufactured source cannot
operate reliebly at s power level required to support
fusion. The saurce must ba started at low power lev-
els and slowly brought up to the highsr power levels.
This process, known ag conditioning, is also required
when & source 13 overhauled. Conditioning and the day
to dey operation of a source are done under the super-
vision of a gperatiuns ateff

Source conditioning may be viewed as a conven—
tional control system with the operator being the con~
trolier. However, s conventionaf control sysiem
theory approach is unworkable since it reljes, in
part, on being akle to model the conditioning process
in a pracise way. The operator decides on paraxeiers
and sends them to the saurce. The source runs for a
short time in which measnrementis are laken and sent o
the operatar. The combination of :nput parsmeters and
output neasurements are known as a shot. After
several goo. :hols at one power level Lhe source
becomes “condiiioned” enouga to run st thet level.
Under certain conditions an operstcr wil)l then iry to
raise the power leve] far the next shot. I good
snots are oblsined then that power leve) is main-
tsined. If not, the power level must be reduced or
“decondiiioning” wil) happen. Condilicning then 1»
just a sequence of shols with the ultimate goal of
running at high power levels.

Using expert system techniques for automatic con~
ditioning is & viable alternative since operators do
quite wel]l at the task of conditioning. The purpose
of an expert syztem is to provide the expertise that
bas been acquired by an operator through experiznce.
No attenpt is made to rnalyze thia experience and
arrive at a th=ory thet explains it. Rather, the goal
18 to cadify the msnner in which en operator
represents knowledge end ressons about the process.

The overall configuration used for conditioning
is shomn in Fig. 1. Normally. the operutor receiver
dats from ths sisndard displsy, detarmines shol param-
eters for the next shot and sends them to the deta-
base. When the expert aysiem is being used it geis
the seame dats provided by the standard displsy and
deriven ahot parameicrs for the next shot. Ths opera—
tor reviews the suggestions made by the aystem snd, if
sppropriate, uses them.

date standard

display \

operator next shot 3 data beanm
parameters base

date | expert
shot syatem

parameters
Figure 1.

Ultimately, the operator will be removed from the
loop and be called upon only in rare situations.
Presently, this contiguration provides an effective
means Lo extract the necessary informstion from the
opestor and encode it in the expert system. 1n addj-
tion. it insures that sn error made by tha expert sys-
tem will nut go unchecked and ceuse serious damage to
the sourca.

Expert System Techniquea

This sysiem uses a forward chaining rule based
inferencing technique. Esaential'=. Lthe knowledge of
an operator js encoded in a sel of rules. The idea of
a rule is much like that of an IF-THEN stlatement in a
programming language. Rules have the fora

(RULE <rule-name>
<condit 1on>
<action>)

and means that when <conditjon> is true the <action>
is executed. Currently., there are well over 300 such
rules in the system. Basicelly, the system iterates
on the following two steps. Firat, it finds a rule
with & true <conditjon>. Second. this rules <sction>
is executed which may cause more rules tc have a true
<copdition> This iteration continues untj) all the
rules with a true <condition> have had their <action>
executed.

Knowledge enginesring ia the process of develop~
ing @ fet of rules Lthet encode an operator's
knowledge. Although the concept of a rule is straight
forward, knowledge engineering is a difficult task.
The difficulties arise when large numbers of interact-
ing rules are used. Discussion® with operators result
in new rules being added. Often, old rules ithat used
to work now do not work as a result of the new addi-
tions. As the number of rules grow it gets mors dif-
ficul'. to add new rules

The syatem providea » programming enviromment
that facilitates rule development. The pPrimiti-es
that make up <condition>s and <actions>s are mesnt o
reflect the operators representation of the problem.
014 rules are easily changed and new ruley are just as
easily added. In short, the tesk of knowledge
engineering i3 not hindered by the task of knowledge
encoding.

One requirement is that the results af szeverai
past shots must ba examined by the rules. This his-



tory nechanism is implemented by placing each piece of
information about a shot is contained in a named
register. A shol register set is &1l of the registers
conteining information about a particular shot The
asysten uses the shot register sets. SHOT-N, SHOT-(N-
1), ... .SHOT-1, SHOT-0 and SHOT+l. 5SHOT-0 is the
moatl recently completed shot and SHOT+! i3 the next
shot to be fired., SHOT-], SHOT-2,...,SHOT-N are the
shots occurring before the most recent shot.

When a shot s fired z5ch shat regiuter set
SHOT-3 becomes SHOT-(i+1), e.g. SHOT+) becomes SHOT-O,
SHOT-0 becomes SHOT-1 ,etc. SHOT-N is discarded and a
new shot register set is created that becomes SHOT+1.

The value of & register ls obtained with ths form
( <shot register set> <register name> )
For example.
{SHOT-3 Avg-Vaccel)

yields the average value of Vaccel in SHOT~3. The
form

(SETR <register name> <value> )

sets <reglater name> to be <value> i{n SHOT-O0. This is
used primarily 1n analyzing the most recent shot.
Similartly. the form

{SETR-NEXT <register name> <value> )

sets a register in SHOT+1. The primary use being to
assign suggested shot parameters. Registers in SHCT-n
Lthrough SHOT-1 were sel when they were SHOT-O or
SHOT+1.

Controlling the Source

It was determined that source conditioning
requires that two proceases be controlled. The pri—
“ary goal of the system is to control the conditioning
process through the use or =xpert system techniques.
fn order to accomplish this it is necessary to contral
the accelerator process. Furthermore, the accelerator
proceas cen be controlled with conventional control
sysiem lechniques. This observalion resulied in s
system that 13 & hybrid of expert and control systea
technigues.

Specifically, the operator controls the condi-
tioning process by choosing Vaccel and Deita~laccel.
Delte-Inccel is actually a range of values that
represents how far off density the value of [accel
should be. For exanple, Delts—{accel » {-1.5,- 5]
meany thet lacce] should be .3 to 1.5 mmpa underdense.
The value of Parc must be derived from the Vaccel and
Delta-laccel in order to control the accelerator pro-
ceax .

In order to achieve thia type of control the work
done by (1} was used. This approach uses the Child-
Lsngmuir law

TaccelD = p * Vlccelc (1)

and the formuls

.

Parc = 1 * {accelr + g {2)

laccelD is the value of laccel required for the
souvrce to opersts on density for the given Vaccel. It
should be noted thet e is not aqual to 1.5. The

actual value of ¢ varies with the source and was
observed to be in the interval [1.87,1.71]). Efforta
to resolve this discrepancy have been unsuccessful.

formula (2) represents s nodel of the accelerator
where lacceld is the actua) value of lacce) for the
given Parc. A Kaiman filter is umsed aas a paraneter
eatimstor to determine the constents f end g. The
expert system determines when {t is appropriate to run
the parameter estimator. It slso uses the errors
encountered by the parameter egtimator as a sourca
diagnostic.

Once Vaccel and Delta-lacce! have been determined
(1) and (2) are used to determine a vange of Parc that
18 acceptable. If the current value of Parc falls in
this range then 1t 13 used. Otherwise, the lower
value of the Parc range is used.

Bule Organization

For each shot the system evaluatex, in sequence,
four separate groups of rules. Each such evaluation
ia called » phase and accomplishes a specific
The four pheses are signal] processing, snalysis, lel-
parameters, and display. Depending on the shot, the
signal processing phase executes the appropriate sig-
nal processing routines. The display phase determines
what waveforms the operator should see. Following are
a detailed discussion of the snelysis and set-
parameter pba; .

One objective af the analysis phase is to derive
a high level description of the shot. To this end a
Gescriptive set of registers are used. The registers
shots-since-last-increase, shots-zince-last—decrease,
and shots-since-lesat-change describe the current state
of Vaccel. The mode register contains 'ADVANCING if
the current strategy is to try lo increase Vaccel and
"RETREATING otherwise. The territory register
describes where Vaccel in relatjonship to where the
source is conditjoned. 'OLD means that Vaccel is below
whers the source is known to be conditioned. °NEW
represents that Vaccel i3 equal or greater than the
conditioned level. TFinally, 'BRAND-NEW means that
Vaccel is at & point where significant accelerator
on-time has not been obtained.

An attempt is made lp describe the shot in
several other ways as well. Consider the rule

(rule short-term-trend
(and {shot-0 %-on)
{shot-1 %-on))
(setr short-term-trend {/ {shot~-0 %~an)
(shot-1 %-on)}))

The <condition> for this rule js true if the percen—
tage on-time for this and the lsst shot have been com—
puted. If so, the <action> is executed snd sets a
register called short-term-trend that is the ratio of
these two percentages. This register is used in the
set-parameters phase to determine i! conditioning is
beginning to happen.

The analysis phase also runs the Kelman filters
37 there was sufficient on-time to assure sccurate
results. The differences between the expected and
actual messurementa are analyzed. Since the models
a2ppear to bs incomplete the large differences that are
expected in certain sjtustions are ignored. A large
unexpisined error is jndicative of possible sourca
problems and the operator ia informed.

The source has an elaborate mechanism for detect-
ing, handling, ard reporting faulta. The reported
feults are chacked for consistency with eacb other and
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with other data. [Inconsistencies imply source prob—
lems snd are reporied.

Finally, a search i» made of all waveforms for
any unexplained high frequency energy. Such an
occurrence is often symptomatic of problems that, if
allowed to persist, may lead to sourca damsge.

The set-parameters phase uaes the information
produced by the signal proceasing and snalysis phases
to determine the suggested parameters faor the next
shol. For example, ccnaider the rule

(rule sel-vaccel-suggested-110
{snd (equal {(shot-0 territory) ’old)
(equai (shot(~0 mode) ‘advancing)
(>= (shot-0 shots-since~-last—change) 3)
(< (shot-0 short—term—irend) 1.2}
(< (max (shot-0 max—duration)
{shot-1 max-duration)
{shot-2 max-duration))
100.0))
(prog()
{setr-next v-accel-setpt-suggested
{1~ (shot-0 v-gccel-selpt)))
(setr-next min-delta-iaccel-suggested -2.0)
(setr-next max-delta-imccel-suggested ~1.0}))

This rule looks for situation where the source is
being operated i1n old territory, i.e. it has been con-
ditioned at this level. The current strategy is to
edvance Vaccel when possibla. Tha last changa was to
increpse power but the last 3 shots have been the
same. During these lmat 3 shots the maximum contjgu-
ous on-time has been Jess than 100 millimeconds
Finally, there has beeh no improvement in the short
term. The action of this rule is to suggest that Vac-
cel be reduced by 1. In edditioned the desired value
of laccel ia ! to 2 amps under the velue required for
operating on perveance. Thia reflects the operator’'s
desire to run slightly underdense when changing lev-~
els.

Operator Inierface

The system's operator interface consists of =
single 19" monochrome display. It ts subdivided into
11 windows. Nine of these cre to display waveforms:
one 1s used to give commands to the system. Finaily,
the last 13 the log window. An example of the log
window appears in Fig. 2. The top half is a log of
ithe last 5 shots. It contsins averages for aelected
waveforma in addition to arc chamber plasms unifarmity
(A:B), number of accelerator interrupts, and beam

s omme - m—-

duration. The box labeled SET POINTS NEXT SHOT con-
iains the system's suggeations for Vaccel and Parc on
the next shot. In this case the system suggeats thet
Vaccel be increased to 83 Kv and Parc be increased io
58.5 Kw. To the left of this is information about the
system's suggestions versus the actual operator input
for the most recent shot. To tha left of this are the
faults detected by the source.

The lower left portion of the log window contains
four mouse selectable functions. The mouse curzor is
noved over the desired box and s mouse button i3
pressed to oblain the desired function. PLOTS MENU
brings up a window that allows Lhe operator to display
any configuration ol waveform diaplays. SET PLOTS
causes the current configuration of waveform displays
to become permanent. EXPLAIN brings up & wandow con-
tuining an explanation of the system's reasoning in
determining the next shot suggeations. This is par-
ticularly vs=ful in the knowledge engineering process.
The ANOMALIES box flashes when there are conditions
that require operator altention. These conditions are
displayed in & window when this function is selected.

Eerformance

Measuring the performance of the system is diffi-
cult beceause conditioning is & noo-repeatable process.
Therefore, it im not poisible to condition the same
source with an operator and then with the expert ays-
tem. Since it iz not passible to determine perfor-
mance on a comparative basis two olher metrics were
used to determine performance.

The first is & “messure of does it successfully
condition m source”. The disadvantage of this metric
is that testing time waz limited and it wam not possi-
ble to use the system for Lhe entire range on any one
source. However, the system was used several times: in
the 58-73 Kv range and successlful conditioning was
achieved.

The second iz & “measure of does it make the same
decisions that an operator makes”. [t ig important to
note thet individual operators vary with each other
and, st times, with themselves. Nonetheless, an
attenpt was made to determine the operetor’'s judgement
of the quality of each suggestion made by the system.
These judgements fall into four categories. Most were
in the first category where the suggesiiona wers
judged to be the same as an operator. Some fell into
the second category in which the system’'s suggestion
was judged to be better than the aperastors. This
occurred mosily bacause the system's methods of com-

Shat-# Vaccel laceel
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a280.0 | 61.251 | 36,977 39233.01 1508 ! 39.236126.793 | 6.9111 | 1.0802 |40 | 466.48
| 4279.0 | 60.08 _37,1?2:_ 39929.0] 1315.4 | 39.998|-22223 | 6.8722 [ 1.1311 | 5.0 445'36_—
4278.0 | 60.14 /36826.0] 1450 6.2875 | 11347 |40 | 45036
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2o lwn. | nn_ [ | NIL | N zn.n x.nz
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Pigure 2.
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puting averages, on time, etr are more precise than
that of the operators. The third category were
suggestions that operators feit were incorrect. How-
ever, Lhe number of such suggestions was not large
enough to prevent conditioning. Finally, in the
tourth category are the catastrophic suggestions in
the sensa that, if followed, damage would be done to
the source. There wers none in thia category.
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