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Abstract

While significant progress has been made in the development of neutral beams for the heating and
sustaining of plasmas in large fusion experiments, the control of such devices has largely been a
matter of hardware interlocks and operator experience. The need for computer-assisted control
becomes more evident, however, with the initiation of multi-beamline experiments.

This paper describes a software system that incorporates simple mathematical models coupled to
Kalman filters for control of the high power (6 to 8 MW) beams currently under development at
Lawrence Berkeley Laboratory’s Neutral Beam Engineering Test Facility. Among the principal
features of the system are: reduction of a large number of operator variables to just a few (usually .
one or two); the ability to describe most of the major neutral beams in use and under development; a
foundation resting on statistical data analysis and control system principles rather than rules-of-
thumb.

1. Introduction

The development of high power ion sources for neutral beam heating of plasmas presents a number of
interesting challenges in applied physics and engineering. The particular problem we wish to address here
is the control of the source. Relatively little work has been done in this area (exceptions noted in Section
8), since the emphasis has naturally been on the research and development of the ion sources themselves, .
and the construction of the beamlines that form the delivery system (see [1] and its bibliography).
Nevertheless, the utility of automatic control becomes clear once one moves from the development and
testing of a single source to the role that the beams must play in fusion devices.

Complex as the operation of a single high-powered source is, that complexity will be magnified by the
twelve beams at TFTR or the dozens of beams at MFTF-B, to cite just two prominent examples. As arule,
neutral beams need frequent "conditioning", a process whereby they are brought from low to high voltage
over a long period -of shots. Thus, a large fusion experiment will have both injection and conditioning
shots occurring in parallel. The resulting drain on the experiment’s human and system resources can obvi-
ously become critical.
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We have developed a computerized system that provides a variety of aids for operating the source
while, at the same time, supplying diagnostic information ranging from simple graphical displays of tem-
peratures and waveforms to analytic models of beam profiles and archived data analyses. In this paper we
have tried to abstract just those characteristics of the system that are important for a high level of control
while ignoring the hardware and implementation details that seem less central to an understanding of the
system at a conceptual level. Other examples of integrated diagnostics and control in the system are given
in [2] and [3].

2. Goals for the system and outline of an approach

Stated briefly, the ultimate goal of the control system is to reduce the many parameters presented to the
neutral beam operator to as few as practical. Since there are separate power supplies (and therefore a
current and a voltage to be specified) for the filaments, the arc, the accelerator grids, the gradient (second)
grids and the suppressor (third) grids, there are ten values for each source’s electrical requirements. We
shall see that six of these are critical. A more immediate goal, then, is to search for dependencies among
these variables in order to reduce the choices. The presence of secondary variables (e.g., gas flow) can
affect these dependencies, which will be only partially understood at best.

As is often the case in such situations, one first attempts to build simple models of ion source behavior.
For example, it seems evident that arc current and voltage are related in some consistent fashion. A simple
relationship based on empirical evidence suggests itself:

Vae=p/ arc"’B

The units of p suggest the name "arc impedance.” Unfortunately, this model is too simple to be very useful
by itself, since the unknown parameters p and B depend on recent perturbations in other source elements
(such as a change in filament temperature) that affect the plasma generator. Consequently, a second ele-
ment of the modeling process, estimation of the parameters as they change in time, is necessary. The
description of source behavior, then, is in two parts: source models that state how we think things work in
general, and dynamic estimators that tell us how things are working in particular.

The remainder of this paper proceeds as follows. First, we describe the set of source models that stati-
cally represent the relationships between various source components. Then the specific estimation tool --
Kalman filters -- used to supply the model parameters is discussed. These filters have the function of incor-
porating past history into the source models. With the models and estimators in place, the simple algo-
rithms to produce setpoints are easily.and briefly described. A concluding section describes results based
on actual test stand data from two different facilities, as well as the applicability of this scheme to a variety
of neutral beam designs.

3. The Source Models

Details of source design and operational characteristics have been described elsewhere [4]. Very
briefly, the major (but by no means only) components of a neutral beam are the filaments, the arc subsys-
tem and the accelerator . The first two are the principal elements of the ion source, while the third forms
the beam and energizes the particles.

\_’).v
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Filament Model

Taken in isolation, the filament may be modeled as the simplest kind of electrical circuit,
Vﬁl = alﬁ,+b (3.1)

where it is natural to think of a as the "filament impedance.” (Here, and in what follows, we adopt the con-
vention of naming signals by using I and V for current and voltage, followed by a subscript for the particu-
lar subsystem). Typical values for I5; and Vj are about 4000 amps and 10 volts. ("Typical” values are
representative of current designs at LBL).

(3.1) is not an adequate model, however, when the arc is discharged. The purpose of the arc is to pro-
vide sufficient voltage, in conjunction with the thermoelectrons, to ionize the source gas. But the existence
of a large arc current supplies additional electrons at the negative leg of the filaments, causing that end to
heat up. As a consequence, the measured filament current increases as the square root of the temperature
rise while the filament voltage drops. Thus the same filament power supply settings with and without arc
can produce distinctly different (and misleading) data.

To compensate for the arc’s effect on the filament, (3.1) is extended by a linear term in arc current:

Vﬁl =alf,, +b+ C]m (32)

Arc Model

The interaction between the arc and the other components is a complex one which we summarize only
briefly. The arc may operate in either of two modes, "space-charge limited" and "emission-limited". In the
former, the rate at which ions are produced from the source gas by the arc discharge limits the rate at which
electrons are attracted from the filaments; changes in the arc potential therefore produce roughly propor-
tional changes in the arc current. Thus, the simple equation V. =dl ;. +e can serve as an adequate model.

In emission-limited mode, the filaments are producing as many electrons as possible for a given
filament current and the limiting factors are thermal. In this mode, the filament has a strong effect on the
behavior of the arc discharge, since the degree of ionization and thus the arc current depends on the
filament’s supply of electrons. It follows that an increase in arc voltage will tend to produce little addi-
tional arc current, since no additional electrons are available. However, an increase in filament current,
causing a hotter cathode, will increase the electron supply. Thus, one needs less arc potential to achieve
the same arc current.

Typically, "field-free" sources, such as those in use at Doublet Il and planned initially for TFTR,
operate in the space-charge limited mode, while "magnetic bucket” sources, which produce more of the full
energy and less of the heavier ions, operate in emission-limited mode. Generalized models for both types
of plasma generators have been developed at LBL. However, for simplicity in exposition and because we
have not yet had the opportunity to test the system on a bucket source, this discussion is confined to the
field-free type. In that case, the model is simply

Vm=d1m+e (3.3)
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Operating data shows that the arc’s behavior is not linear over the entire range of interest but, because
the parameters are treated as changing in time, the locally linear representation (3.3) is adequate, as
explained more fully in the next section.

Accel Models

There are two accel models. The first describes the relation between beam current, /,..,;, and the arc.
We have found empirically that the relationship between arc power and /..., tends to be

Pac=floccatg 3.4
to a good approximation.

The second model derives from the well known Child-Langmuir law that governs the relationship
between the accel voltage and the beam current:

Taccer = PVaccel 13 3.5)

p is the perveance for the shot. Since the ion beam contains three species of hydrogen or deuterium, p will
in general depend on the relative percentage of each specie. Although there is an optimum perveance for
any V,...;, we shall treat p as a vaniable that allows us to control the beam current for a given voltage.

Taken together, (3.2)-(3.5) describe the critical relationships needed to predict and control source
behavior. For easy reference, we reproduce all the equations here.

Vi =ag+b+cl o (3.2)
Ve =dl g te ‘ 3.3)
Par = flacca+g (3.4
Tccet = PVaea™® (3.5)

We refer to all the parameters (a,b,...,g ,p) as the source parameters.

In addition to these, there are control parameters for the second and third grids. They are much
simpler, because they change infrequently. For example, both V,,, the second grid voltage, and V,,,,,, the
third grid voltage, are kept at specified percentages of V.. Consequently, these parameters do not
present any particular difficulties and we shall not refer to them again.

We note in passing that the models for both the field-free and magnetic bucket sources have the same
overall structure, although the latter have more equations and each is multi-dimensional

4. Estimation of Source Parameters by Kalman Filtering: Source Behavior as a Stochastic Process

Earlier, we pointed out that the absence of specific variables such as gas pressure or type does not mean
that they are unaccounted for in the models. Instead, we view the source parameters as changing in time
and subject to a number of unspecified and essentially random influences (among which is gas flow).
Informally then, the time evolutions of the model parameters are treated as stochastic processes. Even
though many of the disturbances are not truly random, we can model them as part of the intrinsic noise of
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the system as a whole.

At the same time, the discrete, pulsed nature of the beam operation suggests that a form of sequential
data filtering using difference equations would be a natural technique. The specific tool chosen for the esti-
mation process is Kalman filtering. ([5], [6], [7] are three useful references listed in order of increasing
mathematical sophistication).

In addition to these heuristic arguments, a substantial body of theory indicates that Kalman filters have
the desirable properties of optimality (in the sense of minimum error variance, for example) and robustness
(in the sense of good suboptimal performance) needed in the present application. Finally, we found, by
direct experiment, that Kalman filtering provided estimates that were more realistic physically than did
other less sophisticated methods, such as the related technique of sequential "finite memory" least squares.

The discrete Kalman filter is a digital filter of the predictor/correction form, where the prediction of a
parameter before data taking is corrected after data taking by a term depending on the residual; i.e., the
difference between the prediction and measured value. Unlike a conventional digital filter, however, the
correction term is weighted by a factor that incorporates estimates of both the system (or "plant”) noise and
measurement noise, and these weights can and do change in time. In the present case, both the filter for-
mula and its implementation are particularly simple.

To be specific, consider just the filament model. This time we have added the subscript and argument
n to refer to the values of the measurements and parameters just after the nth beam shot.

Let X (n) represent the vector of model parameters:

al
X(n)=|b,

Ca
and M (n) the row vector of measurements on the nth shot:
M(n)=Ug(n), 1,14(n)] @.1)
Our estimate of the vector X (n+1), based just on knowledge of the vector X (n), is simply
X(n+1)=X(n)+w(n) 4.2)

where w (n) is a vector of (system) white noise with given covariances. Observe that if w(n) = 0, then we

are assuming that the parameters do not change in time.!X (n) represents the state of the filament system,
which is driven by white noise; i.e., undergoes a random walk.

(4.2) says that the expected values of the filament parameters will be the same on the next shot as on the
last shot (w = 0 by assumption), but the values are subject to a variety of influences whose magnitudes are
contained in the covariance matrix of w, a matrix we shall call Q (n). We cannot know these values pre-
cisely, but we can make informed estimates and modify them on the basis of desired control criteria, or
make them self-modifying (adaptive filtering) after each shot.

'In classical least squares, W (n) = 0.
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We must also express the relationship between the measurements and the estimated parameters. Based
on (3.2) and (4.2), we define

Vi(n)=<M(n)X(n)>+v(n) 4.3)

where v(n) is white noise with variance R (n) in the measurement process. (<, > denotes the usual scalar
product of vectors). In this simple case, v is of course a scalar. Note that V; is the model estimate of V.
Again, we must estimate R. (The process of estimating and modifying R and Q is called "tuning the
filter").?

Now suppose we have estimates of a,, b, and c, prior to the nth shot. The shot is taken and the esti-
mates need to be updated. In the predictor-correction form, the Kalman filter estimates will be

X(n+1)=X(n)+K(n)[Vau(n)—Vs(n)] (4.4)

Note that the new estimate is the old estimate, modified by the error from the last shot weighted by the vec-
tor K (n). The latter is referred to as the "filter gain”.

K (n) is a function of both the system and the measurement noise. Since space does not permit a full
derivation of the recursion equations used to update the filter, we refer interested readers to [S] and present
only an intuitive interpretation of X in a general but one-dimensional case.

Recalling that Q is the variance of the system noise and R the variance of the measurement noise, the
expression for a one-dimensional X will reduce to

___ Q@)
K= Gy

Two extreme cases are possible. If @ = 0, then K = 0 and the parameters do not change in time. Then the
data model in (4.4) is ignored. If R =0, then K = 1. This comresponds to complete confidence in the data
model and none in the system model, with X (n) adjusted by the full residual on each shot. Obviously,
"tuning” the filter requires choosing values for R and Q in a manner that will optimally weight the correc-
tion in (4.4). Figure 1 is a block diagram of the filament model with filter. Each model (3.2)-(3.4) has a
similar filter structure.

Returning to the general case, it should be evident that, depending on the values of the covariances in
the matrices Q and R, the filter will respond more or less rapidly to incoming data. As with any filter, the
problem of distinguishing between noisy measurements and "real” values is always present. In the original
Kalman formulation, there is no feedback from the state equations (4.2) to the covariance updates. The
filter has no way of knowing, for example, if the flow of source gas is changed significantly; it can only
respond to changes in measured values at a rate controlled by Q and R.

It is possible, however, to add features that make the filters adapt more rapidly to changing conditions.
Perhaps the most obvious way is to examine the residuals -- the difference between predicted and measured
values -- after each shot. Under optimal conditions, the residuals are normally distributed with mean 0 and
a known variance which changes in time. Therefore, various rules can be established that help to distin-
guish noise from real data, much as in sequential decision making. For example, a typical rule might be: if

2One way of viewing the Kalman filter is that it is the minimum variance sequential least-squares estimator of X(n) subject to
the constraints (4.2) and (4.3)
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two consecutive residuals have the same sign and exceed 2 standard deviations in magnitude, increase the
filter gain by a predetermined amount and recalculate (4.4) until the latest residual drops to within 1 stan-

dard deviation.?

The neutral injector itself, however, generally needs time (several shots) to "adjust” to changing operat-
ing conditions. Therefore, the filters have been able to track its behavior satisfactorily without this addi-
tional feature.

5. Controlling the Source

As stated earlier, a principal goal has been to reduce the number of degrees of freedom in operating the

source from many to few. For the great majority of beam shots, the key variable is accel voltage.*Once the
models are in place and the filter estimates are available, the implementation of control is deterministic and
straightforward. Given that a certain accel voltage V..., is desired,

Taccet = PVaccer 13 (5.1)

and then
Pac=flosca + 8-
To determine 7 4, recall
Vae=dl o +e. (5-2)
To preserve arc power and thus produce the correct beam current, (5.2) with P=/V yields
Pac=dl %y + €l ae

from which one easily determines first /. and then V.

For LBL field-free sources, the filament settings normally do not change. This reflects the space-charge
limited mode, where the supply of electrons is normally sufficient to fully ionize the plasma. Although the
model (3.1) still holds, the values for /g or Vi are ordinarily held fixed. Thus, if /4 is to remain constant,
(3.1) can be used to determine V. Of course, this will not be true in emission-limited mode, where the arc
and filament models are coupled more strongly.

It was implicitly assumed above that the perveance p was given. If not, it too will be an input variable.
(The optimum perveance -- that value of p resulting in minimum beam divergence -- can be determined by
employing another part of the diagnostic system [9]). The other principal input specification for the beam
is the duration of the shot. The timing subsystem, which is independent of the source power requirements,
controls and automatically adjusts the duration of various signals depending on the beam duration. Neutral
beam timing control is described in [10].

To use the system, the beam operator turns a knob whose values are interpreted by the control com-
puter in units of V,...,. He then presses a "set power supplies” button, which serves as a signal to the

3For a further discussion of this point, see 8]

“Actually, it is usually convenient 1o control either voltage or accel current. We omit the details in the latter case, since it is a
simple variant on the scheme described here.
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computer to perform the algorithm described above and to send the resulting (/,V') values to a satellite sys-
tem whose sole job it is to translate those values into the units of the local power supplies and then arm the
supplies (bring them to their setpoints). This translation, from engineering units to local units is indepen-
dent of any of the control features discussed above

6. Results and Applicability

The source model approach to beam control has been used to operate the 120KV field-free source at
LBL. In all cases, the models performed satisfactorily. By that we mean the deviation from requested
source values for arc and accel averaged 1 to 3% with maximum errors of about 5%. An example of their
use was during an automatic conditioning run, when the beam was brought from 90 to 110KV over a
period of approximately 60 shots, with no operator intervention, except to tune the source by varying the
perveance at the 100KV level. Figure 2 is the computer display used to monitor the models and show the
results of the last shot. The graphs in that figure show equations (3.3)-(3.5) with recent shots plotted. The
table displays the latest set of requested values with the resulting error relative to measured values after the
shot. Typically, the operator will adjust only V..., or perveance.

To illustrate filter performance in greater detail, we use a recent study [11] based on actual test stand
data from Lawrence Livermore Laboratory’s MFTF Neutral Beam Test Stand. The analysis was done off-
line, so the values predicted by the filters were not used to control the source. Nevertheless, the distribu-
tion of errors shown in Figures 3 and 4 are a good indication of the filter performance had the source
models been on-line at that time. (By contrast, most such studies rely on some form of computer generated
randomness to simulate the noise.)

The measured power supply averages were taken during a run in which a short pulse (0.5 second) neu-
tral beam injector was conditioned from 30 to 80 Kv. For the purposes of the study, /.., was taken as the
primary control variable. That is, (3.5) was treated as given by looking ahead at the data, instead of using a
knob for J accel +

The control system was required to predict the values of P ., /. and V. for the next shot. These
predictions were then compared with their measured counterparts for that shot. The results for just V.. are
(Vpnd —Vmem' )

Vruas

tages). The graphs for / ;. and P .. are entirely similar. Additional details are available in [11].

shown in the histogram and graph (all the errors are relative, ie., , expressed as percen-

Table 1 summarizes all the results in terms of the average error, standard deviation, and the largest
negative and positive errors (for 700 shots). The average error is very small, showing that the filters pro-
duce unbiased estimates of the signals. The most important statistic is the standard deviation, which
confirms the histogram of Figure 3. About 95% or more of the errors will be less than 4%. Again, all
values are percentages of the measured quantities.
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Summary of Prediction Errors

Signal Avg.Error Std. Dev.  Max. Error

P arc -0.025 1.49 -80 [ 59

V arc -0.012 1.10 65159

Iarc -0.016 1.24 70} 7.6
Table 1.

It appears that the short pulse injectors at MFTF-B are good candidates for the type of control system
described here and, in fact, work is currently under way to implement this scheme at MFTF-B.

Finally, some remarks about generality are in order. The extension of the source models to describe
both field-free and bucket sources should be sufficient to estimate parameters for most, if not all of the
major neutral beams under development today. For example,

(1) LBL field-free for TFTR: the models have proved effective, as just described.
(2) Doublet III: the beams are based on the LBL design.

(3) LBL long pulse "bucket": we have tested the generalized models on archived data with satisfactory
results, although full, closed loop control is not part of the NBETF program. The Common Long
Pulse Source (CLPS) is similar in its operation to this one.

(4) JET neutral beams: these have bucket type plasma generators, similar to (3), but with Vg or I
fixed. This constraint should tend to simplify control, because the arc and filament models will have
fewer degrees of freedom.

(5) MFTF-B: Results for the 0.5 second sources are described above. Work is under way at LLL to
implement the Kalman filter approach for actual control. The long pulse sources will be based on the
CLPS design, and it is anticipated that they will behave as in (3).

7. Discussion

We have presented a scheme for control of neutral beam injectors that uses a feedback mechanism in
the form of Kalman filters. The results of the previous section suggest to us that it can be employed effec-
tively in a number of fusion experiments.

A natural alternative to the approach described here is to store tables of previously measured power
supply settings in a computer and use table lookup to obtain an n-tuple of setpoints under currently prevail-
ing conditions. While this is indeed straightforward, it implicitly assumes that conditions at one point in
time are reproducible at a later time for the same accel voltage. Unfortunately, this is not the case in an
environment where hardware configurations and numerous operating parameters frequently change. We
prefer to let the filters "learn” the current operating regime.
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To put it another way, the use of stored tables is essentially open loop control, while the method
described in this paper is closed loop (feedback). It is well known that the latter is inherently more stable.
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