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ADAPTIVE CONTROL TECHNIQUE FOR ACCELERATORS USING DIGITAL SIGNAL PROCESSING*

L. Eaton, MS H-827, S. Jachiin, and E, Natter
Los Alamos National Laboratory,
Los Alamos, New Mexico 87545

The use of present Digital Signal Processixle (DSP)
techniques can drastically reduce the residual rf ampli-
tude and phase error in an accelerating rf cavity.
Accelerator beam loading contributes greatly to this
residual error, and the low-level rf ﬁeﬁlr control loops
cannot completely absorb the fast transient of the error.
A feedforward technique using DSP is required to main-
tain the very stringent rf field amplitude and phase
specifications,

Introduction

This papergr-,senu a concept for using Digital Signal
Processing (DSP) techriques and technology to solve a
control problem in a Neutral Particle Beam (NPB) accel-
erator. gpecificaliy, the problem is to control the rf am-
plitude and phase in an accelerating cavity for the NPB
accelerator. DSP technijues become very useful for
adapting to both a research environment and to the long-
termn operational aspects of an accelerator. This paper
discusses DSP w:hnie}ues that help to control tie rf
cavity fields. A brief explanation of the accelerator
control applicetion is given for background.

Typically, rf field control for accelerating cavities is
implemanted with high-speed analog circuitry. The
limiting factor in the control bandwidth is the pole
configuration of the cavity., An aduptive control loop is
necessary because the cavity's thermal and mechanical
characieristics prevent the poles from remaining
stationary.

When the accelerated particie beam enters a cavity
that is filled with rf eneargy, a beam-loading effect
transfers energy present in the rf to the beam, thus
causing the particles to accelerate. The role of the rf
cortrol circuiiry is to keep the rf field's phase and
amplitude constant while the cavity is being filled with
r{ energy, wher the beam enters the cnviay and while it
is preseat. This contrcl is accomplished satisfactorily
during steady state but not dur n,; the initial loo
transient, thus causing a residual loop error in bo
phase and amplitude.

An accelerstlor operates in a repetitive mode; there-
fore, conventional feedforward techniques can help to
reduce systematic errors. However, a practical feed-
forwerd system can only cope with a limited number of
stimuli, and its implementation is limited in accuracy.
In a typical control loop severai sources of loop pertur-
hations exist, such as component nonlinearities, kystron
anode voltage droop, and amplitude/phase cross
coupling, To aggravate matters, th~ne perturhations
vary with time and component aging. Mechsnical and
thermal changes in the cavity structure cause the
characteristic resonance »f the cavity to vary as well,
DSP technology can adapt to these changes by con
stantly moniwring the residunl error signa! and can
inject the correction lifnnl after processing wnd filterin
the error. This paper will describe this technique npplies.
w the NPB accelerator at Los Alamos,

*Work performed under the auspicon of the U 8 Dept of Knergy
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Avplication Description

Figure 1 shows a basic block diagram of the NPB
accelerator with the emphasis on the rf drive sections.
An injector starts ions first into the radio-frequency
quadrupole (RFQ) cavity. This cavity helps with the
bunching of the particles and adding energy. The
Ramped Gradient Drift-Tube Linac (RGDTL) and drift.
tube linac (DTL) are used to increase the beam cnergy.
In all cases involving the cavities, the energy of the rf
g:wer delivered from the klystron is transferred to the

am and the ions are accelerated. The klystron typi-
cally produces 1.0 MW of power at 425 z. The low-
level rf (LLRF) electronics senses the cavity field and
through an active control loop varies the drive to the
klystron to maintain this field. The apecifications for
the field control are 10.5° in phase and 10.5% in
amplitude.
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Fig. 1. Basic block diagram of NPB accelerator,

Figure 2 shows a more detailed view of the rf system
control loop that drives each cavity. A fixed-frequenc
oscillator generates the 425-MHz reference rf signal.
The LLRF electronics controls this signal, whick . sent
to the solid-state amplifier (SSA), to the klystron, and
into the cavity.
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Fig. 2. Expanded view of one accelerating cavity
nad its r{ amplification control,

A probe loop in the cavit{ senses the fleld, and its
signal iy sent to the LLRF. Both phase and amplitude
nre detected, and an error signal is generated w the
appropriate control electronicy. A resultant correcting
signal varies an attenuator (for the amplitude) and o
phase shifter {for the phase).



The functional control loop for the LLRF is shown
in Fig. 3. This schematic is generic and alppliesto
both tie phase and amplitude control loops. Initially,
the computer sends a set-point command. This signal
is applied through a proportional, integral, and
differential (PID) contro Lgat operates on the rf
reference signal, which is amplified and drives the
cavity. The sensing loop in the cavity sends a signal
back to the controller where it is compared to the set
point. The resultant error signal is sent to the PID
control for correction,

W o
HEsENPANUE Mit:
REAM

+
contkoyr ¥ FAM 1
PREDFORWARD

VAV i k4 v
[ T S ST A T S B R TS VAR R P
ST Y

Fig. 3. Functional control loop schematic.

When the accelerator beam enters the cavity, the
beam-ioading effect will perturb the control loop. To
help minimize the transient error caused by this event, a
feedforward technique is used and is shown as a
summing point just after the PID controller, The beam
current and phase are sensed and a function, f(t),
conditions these signals.

The above describes the basic loop control; with the
help of the feedforward signal, the loop meets the
accuracy required to maiatain the correct phase and
amplitude. However, a DSP technique improves control
of the loop. Figure 4 shows schematically where this is
applied. = The rcal-time error signal between the set
point and the cavity sensing line gives a residval error
that the analog to digital convertor (A/D) samples. The
DSP stores the error signal and processes the correcting
signal. The correction information is sent through a
digital to analog convertor (D/A) and is summed back
into the loop.
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Fiy. 4. Functional control laup schematic with DSP,

Applying DSP Technology

Figure 5 shows the relative timing of the control loop.
The residunal cavity field amplitude and phase errors,
eft), nre sampled throughcut the pulse, and these time
signatures are then uveraged with samples from man
previous pulses. Thus, under normal operation, the DSP
memaory contains an np?mximnu'on to the mean error
functions for both amplitude und phase. The stwred
signals are subsequently processed through a predis-
tortion function to develop the appropriate feedforward
signnl, y(t),
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Fig. 5. Timing of control loop.

A block dia%nm of the cavity field control loops is
shown in Fig. 6. Although the adaptive feedforward
system is operational thioughout the pulse, the most
significant loop perturbation is due to transient beam
loading. The beam perturbation, W(s) in the Laplace
domain, enters the system just before the cavity.
Because the correction function y(t) is applied ahead of
the beam perturbation, it is time advanced with respect
to the beam. This proBerly compensates for the transport
delay through the PID contrcller, the solid-state ampli-
fier, and the klystron. This operation is straightforward
with the use of a DSP.
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Fig. 6. Representing the control loop by s-plane
transfer functions.

In addition to time shifting, the output signal y(t) is
proceosed through a predistortion filter that corrects for
the frequency resporse of the lcop to provide optima!
cancellui. .o of the digturbance. Two methods of deter-
mining the form of the correction signal are discussed
hare. The first metliod is an analytical approact using
the known transfer functions of the loop. The goal is o
provide a y(t) that makes e(t) zero. The analytical
approach isanalyzed in the s-domain for convenience,

Referring to Fig. 6, the be n disturbing the loop (W)
gives an error (K} as

Ey = Wyl
where

Hy = H. /1 - H.HY .

If the output of the DSP (Y) disturbs the loop, then the
resulting error (E;)) would occur:

E, = YH,,
where

1, = HHH = HGHY



To produce a Y that cancels the beam disturbance
(Wp), the following equality is met:

E,+ Eg=0;

i.e., the disiurbance caused by the beam plus the
disturbance caused by the DSP function is zero.
Substituting for E; and E,,

YH, + E, =0
or

= -Eg/H, .

The DSP has to realize a transfer function Tpg to
counter the beam error ~E; and produce a correction
signal Y. Thus,

Tpge = Y/Ey = ~Fy/EH, = «UVH, (N

Equation (1) is a negative inversion of the transfer
function of the loop; thus, Y(s) is a leading function,
inverted, and a feedforward technique is required to
realize this result. The transfer function H'(s) is stable
and known, and the DSP determines the s-domain
representation of Y(s).

The second method of finding the correction signal
uses a heuristic analysis of the loop response to derive a
predistortion function. Delays exist in applying the
correction signal through the PID controller and
klystron because of the KOl“ associated with these
components. Thus, for each pole in H'(s), a delay occurs
in the correction signal reaching the cavity field.

In the sample time domain, the error signal is E(N.t),
where N represents the number of the accelerator
pulses. The signal E(1,t) is the first sampled error signal
and consists of a number (depending on the sample rate
of the A/D) of digitized samples of the error signal. No
correction signals, {(t). are sent out on the irst
accelerator beam pulse because this is the first E(t)
sampled.

'The algorithm used for determining y(t) is

yIND = y(N. 1,t) + A-e(Nt.v,) + Be(Nit-t). (2)

That is, the correction signal y(t) for the present beam
pulse N is the previous correction signal y(N - 1,t), plus
a set of weighted error siinals advanced by tr, and r,.
The weighting constants A and B, and and 1, were
varied until the best results were obtained. )

This system was modeled with a commercially
available control system modeling program run on an
IBM PC/AT. From this model the resultant error in the
loop was found. Subsequently an algorithm described by
Eq. (2) wag added to the model. Figure 7 shows how tne
loop error was reduced with this algorithm.
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Fig. 7. Reducing the loop error with an
iterative approach.

onclusion

The actual accelerator will have a DSP programmed
to implement the algorithm that both Eqs. (1) and (2)
describe. The modeling for Eq. (2) is very encouraging,
showing that this feedforward control technique will
eliminate residual error that augments the fast analog
loop and i.aproves the control specifications of the
yystem.

The design of the NPB accelerator will em?loy one or
both of these methods. Further work wi'l simulate
Eq.(1) with modelin&. and adaptive algorithms will be
explored to permit the DSP predistoition function to
conform to drifting and aging components.



