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A Very High Level Neutral Beam Control System
Victor Elischer

Van Jacobson
Edward Theil

Real Time Systems Group
Lawrence Berkeley Laboratory
University of California

As increasing numbers of neutral beams are added to
fusion machin~s, their operation can consume a
significant fraction of a facility's total ressurces.
LBL has developed a very high level control system that
allows a neutral beam injector to be treated as a
"black box™"™ with just 2 controls: one to set the beam
power and one to set the pulse duration. This "2 knob"
view allows simple operation and provides a natural
base for Iimplementing even higher level controls such
as automatic source conditioning.

1. Introduction

In this paper we restrict ocurselves to a general discussion
of neutral beam <control ard to principles we Dbelieve
contribute to a successiul systen. In particular, we believe
the system 1s based on a :control  hierarchy with two

essential features:

(1) Its levels reflect ictual stages of beamlne
construction and operarion. This tends to encouraan

appropriate software don - at an appropriate time.

(2) There is an explicit rec jnition that data produced
at any level must be 3ved and available for use at
higner levels. This ter is to make a systemn which

grows by building on orevious work, rather than by
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redoing it.

In the following sections of this paper we first discuss
the control hierarchy in general, followed by a description
of its levels. Often the «control structure leads to a
particular software methcdology and we enlist these cases as

examples of the usefulness of the hierarchy.

All our statements are based on experience 1in designing and
implementing such a system, which is currently in operation
at NBSTF. (Other papers by our group have dealt with the
original 1ideas for neutral beam <control [l], the operator
interface [2], basic desiqn principles [3] and a general

overview [4]).

2. The Control Hierarchy

A neutral beam system (including equipment, operatnrs,
physicists, etc.) is developed 1in a number of <consecutive

s-ages. In general there is

- A checkout and commissioning phase for individual
sensors. For example, *thormocouples are checked with a
heat qgun to see if tney respond, then examined during
operation to see if they respond uniformly and if their

readings are physically reasonable.

- A subsystem investigation phase that examines the
hehavior of related sensors. For example, once one

believes the thermocouple temperatures, it is possible
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to compare the temperature distribution given by all
the thermocouples on a calorimeter to the predictions
of various mathematical models. Once a model with fair
agreement 1is found, the entire distribution <can lLe

charac-erised by the parameters of the model.

- A manual operation phase that exar.ines the shot-to-shot

variations of various models and uses them to develop
operating strategies for the system. For example, one
learns that an optimum perveance 1is only valid for
about a 10KV range of accel voltage. These ‘:mpirical
observations then give rise to operational rules:
e.g., when conditioning a source by moving up in accel
voltage, "tune" the source by doing a perveance sweep

every 13KV.

An automated operation phase in which a computer
implements the mechanical aspects of the operating
strategies by using the models to make predictions.
For example, one can directly contrcl the accelerator
voltage, but not the current; the latter is determined

by <the arc power. That, in turn, is a function of the

arc and possibly filament voltages and currents. Thus
a small change in accel voltage requires adjusting the
accel., arc and filament power supplies. Given models

for accel, arc and filament impedances ard the arc
power-accel transfer function, an operator request for

a new accel voltaqge can bhe translated 1into the
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setpoints for the three power supplies.

Although these levels show roughly chronological development,
the 1lower 1levels remain essential to the operation. I.e.,
debugging a beamline requires essentially a trace back
through the levels. As an example, the divergence angle of
the beam may be abnormally large; the cause may be a bad
thermocouple or a melted accelerator. Inspection of the low
level thermocouple and waveform data allows one to

distinguish between the two possibilities.

These stages of Iimplementation translate directly into four
levels for neutral beam programns and, indirectly, to a

corresponding system structure. The levels we identify are:

(1) Data Acquisiton and Display

(5]

Static Subsystem Modeling
{3) Dynamic Systems Modeling
(4) Prediction anrd Control

Each of these levels will now be discussed individually.

3. Level 1: Data Acquisition and Display

This 1level is of course the most obvious and fundamental
one. At NBSTF, the da:a acguired by the computer includes a
2ide wvariety of thermocouple daca, waveforms and many scalar

heamline values (see Fig. 1). wWhile it is obvious that
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nothing can be done unless and until data is acquired, it is
equally obvious that useful information derived from the data
must be displayed, at least in some rudimentary form. For

that reason, we include display at this level as well.

At NBSTF, an effort has been made to have all displays as
graphical as is reasonably practicail. For example,
temperature information for 2any device instrumented with
thermocouples 1s displayed on a screen (color or black and
white) by a scale drawing of the ac:tual objezt with
temperatures at each thermocouple position. Almos«
precisely the same information n~ay be used to implemen:
control "buttons™ that turn individual thermccouples "cn™" :or
"off" in software, indirectly causing more analytic models ==

recalculate their derived values.

The example we have chosen to follow from the lowest to tne
higher levels starts with the temperature displ.y of Fig. 2.
Since the target dump is a rather unexciting rectangular
slab, the display is simply an array of values with auxiliary

information appended.

We had many such displays to do, and their commonality led us
to think about some general methods for doing them. The
displays became data-driven in a quite literal sense. That
is, not only is the temperature data an input to the display
program, bhut the location of the sensors, the geometry of the
physical device, the 1location of display labels and the

colors to be used are input data as well. Thus a sing'e task
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serves to display the thermocouple temperatures for every
instrumented collimator and beam dump 1in any of several
beamlines. Figures 2 3and 3 are two examples of outputs from

this task.

In turn, this imposes a requirement on the storage of the
data itself., For example, the display task 1is <clearly going
to need thermcoupie data (e.g., temperatures, sensor
locations) for any of a number of devices. Given a database
that allows a request of that type ("give me all temperature
data for device X"), in a completely uniform way across all
such devices, the display task can avoid the need for

special "wired-in" information about any particular device.

If the database <contains an explicit description of the
beamline for the computer to wuse, then it can contain
descriptions of more than one beamline. The name of any
device, and the data set associated with it, can be extended
to include a bheam-source identifier 1in order to permit
multi-beamline operation. In this way, the control hierarchy

leads to a requirement for the software architecture, as we

suggested earlier.

4. Level 2: Static Subsystem Modeling

At this 1level we have in mind the use of models, sinple or
complex, that help to describe and control the current state
of a subsysten when it deponds only on the latert shot. For

example, a particularly import.nt static model is the neutral
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beam timing system. The actual timing sequences are moceled
by a collection of software pulses, with each pulse having
its leading and trailing edges referenced to edges of other
pulses. An advantage of this scheme is that pulses can be
slaved to others automatically in software. This guarantees
that certain events cannot precede others 1f they are not
supposed to and that all events in a timing chain will be set
correctly by merely setting the primary event. A fairly
elaborate graphical display on the touch panel allows the
operator to easily vary timing parameters. For example,
varying beam request time not only changes that parameter,
but will also change the timing pulses for filament, arc 2=+

acc21l automatically (fig. 4).

Our o .ample from level 2 is continued in Fig. 5. Here the
temperature data from level 1 is input to a two-dimensionral
error function model of the beam profile and a data fitting
routine derives quantitative information. 2qain, we note the
usefulne=s of data-driven tasks: When the target dump was
introduced into the NBSTF beamline, the same prograns that
had performed the <calorimetry analysis on the earlier beam
dump ran successfully with nc change in code. As in the case
of temperature displays, the geometry of the dump and the
location of the sensors form part of the data input to the
task, which does not contain assumptions about the device it
is to model. In itself, this form of calorimetry 1is wvery
valuable (che model is not original with us [5]). However,

it also produces information that serves as inj to the next
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higher level of the control system.

5. Level 3: Dynamic System Modeling

1hz2 word dynamic implies that now we are concerned with
states that are time dependent. In order to model such
states, one must have available information that
incorporates histcrical data either explicitly , as from an
archive, or implicitly, as with recursive filters. We give an

example of each.

Fig. 6 <continues our example. Basically, the beam
divergences from a certain number of previous shcts are
plotted against their respective perveances (or accel
currents) and fitted to a parabola. The idea is to determine
the optimum beam perveance (and thus accel <current) Err a
given accel wvoltaye. The primary inputs to this scheme are
the waveform averuages from level 1 and the bheam divergen-es

from level 2 (see figures 5 and 6).

A more anmbitious task is illustratea in Fig. 7. Source
models are mathematical descriptions of the various

components of the 1ion source: filament, arc, accel/arc and

accel/perveance. The describing egquations are coupled. The
models estimate the current state of wvarious source
parameters: arc impedance, arc ‘“efficiency” (in producing
accel current), etc. Because these wvalues depend on many
different variables that change in time (e.3., rate ot flow
of source gas, crye temperatures), we  nhave used Kalman
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filters for the estimation process. (The details of this
task are the subject of a separate LBL Report, to appear).
Again, these models depend on wavetorm data generated at

level 1 and beam divergences from level 2.

6. Level 4: Predici.on and Control

In figure 8 the source modeling idea 1is carried to its

logical conclusion. Given estimates of all the source
parameters derived from lower level data and a "knob" with
which a beam operator (or some computer projram) can choose

V-accel, all other voltages and currents can be computed and
set via the source models. That is, given V-accel, the ac:el

cuttent is a function of the perveance. Given accel current,

the arc power is determined by the accel-arc transfer
function. Given arc power, and estimates of the arc anl
filament impedances, the filanent and arc voltayges and
currents may be computed. Then another set of lower *:vel
static models of the NBSTF power supplies translates each
(I,V) pair into the appropriate units of the local power
supply hardware.

Finally, we observe that automatic scurce conditioning

reguires essentially one additional step: a decision making

process by which the computer can decide when V-accel should

be stepped up or down and by how much. We have recently
3y

implemented such a process (i<s display is shaown in Fig. 93).

Space does not permit a detailed explanation or it here but,
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briefly, a filtered “"conditioning index"™ and its derivative
are updated and examined on every <chot. When both pass
certain (nperator setable) thresholds, the decision to raise

or lower V-accel is made.

Thus, we hrave the "2 knob view". The operator (or computer)
chooses the accel voltage and the computer uses its internal
models to set all other source reguirements. The operator
chooses a pulse duration and the computer uses other internal

models to set all other timers.

7. Summary and Conclusions

We have discussed a neutral bheam control system whose
underlying hierarchical structure plays a critical role in

achieving three goals:

(1) The system permits high level operation. That is, a
single knob control sets the duration of the pulse
and anb>ther knob sets the voltage for the
accelerator. All other values are calculated

internally and set by the computer.

(2) It contains a wvariety of diagnestic -4 lower level
controls for monitoring and debugging the beam and

its subsystems.

(3) It permits multi-source, multi-beamline operation.
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The characteristics of the hierarchy enter into the design
of the system. First, they help keep separate those functions
which must be used independently. For example, originally,
the error function fit of calorimeter temperatures was to be
combined with the thermocouple data acquisition. This would
have deprived the engineer testing the thermocouples of the
raw temperature display, making the check-out more difficult.
It also would have generated endless speculation during
tecting of the fit about whether the model, the data or the

program was in error.

Equally 1important, the hierarchy indicates the necessary
temporal and logicai precursors of programs and prevents
programming from being done prematurely and on the basis of
incomplete information. It is not only that the structure
decouples programs; mai..y poscible architectures will help to
achieve that desirable result (cf(l)). The point to be
enphasized here is that the hierarchy, paralleling as it does

the development of the beamline operation, ties the computer

system to the real world.

For example, one of our early mistakes was to start work on
high level source modeling and autoccnditioning before
reliable data on source behavior was available. This Iis
neithe. “ncommon nor surpr.sing; the problem was appealing
and chellenging. Nevertheless, the premature work was’
necessarily based on assumptions which did not jihe with the

reality of the data we eventually obtained. Inevitably, these
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assumptions had to be discarded and programs substantially
rewritten, with considerable effort wasted. The control
structure makes clear tihat the type of data and its
characteristics will shape high level algorithms, rather than

vice versa.

By the same token, the hierarchy also makes it clear that the
results of one level must be available to the next. For
example, when the calorimeter fit program was first written,
the only use forseen for the divergence angle was as operator
information on a display. On general principles, however, it
and all other fit results were put in the database. Then,
when the need for automatic source tuning was realized six
months later, the tuning program was relatively simple, since
it could pick up the divergence and average waveform values

from the database.

Finally, the hierarchy tends to group similar functions on
the same 1level, where the commonality of tasks can lead to
efficient design and implementation. (Examples of this were
given in the sections on Data Acquisiton and Modeling). The
existence of these common funations allows the system to be
constructed of small, data-driven tasks, much as in an
earlier day closed subroutines were first used for their
ability to perform identical computations, with only the

input arqguments varying.

Our belief is that the principles discussed in this paper can

be carried over to other control problems. Our hope is that
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we have elucidated these ideas sufficiently well to interest

others engaged in similar activities.
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