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ADAPTIVE CONTROL TECHNIQUE FOR ACCELERATORS USING DIGITAL SIGNAL PROCESSING*

L. Eaton, MS H-827, S. Jachim, and E. Natter
Los Ahunos National Laboratory,
Los Alrunos, New Mexico 87545

The use of present Digital Signal Proceaain (DSP)
techniques can drastically reduce the residual %ampli-
tude and phase error in an accelerating rf cawty.
Accelerator beam loading contributes

Y
eatly tm this

residual error, and the low-level rf fie d 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 paper rmwmta a concept for using Digital Signal
!3Processing (D P) techniques and technolo to solve a

Ycontrol roblem in a Neutral Particle Beam ( WB) accel-
erator. 8 peciflcaliy, the problem is to control the rf am-
p!itude and phase in an accelerating cavity for the NPB
accelerator. DSP techniques become ve

“1
useful for

adapting to both a research environment an to the long-
terrn operational aapecta of an accelerator, This aper
discuwes DSP tachni ues that help to control

“1
lie rf

cavity fields. A bne explanation of the accelerator
control application is given for background.

Typically, rf field control for accelerating cavities is
impbmmnt.ed with high-speed analog circui~, The
limitina factor in the control bandwidth is the pole
configuratirm of the cavity, An adaptive control loop is
necessary because the :avityas thermal and mechanical
characteristics preve~~t the poles from remaining
stationary,

When the accelerntid particle beam entars a cavity
thnt in filled with rf en~rgy, a beam-loading effect
transfem energy present in the rf to the beam, thue
causing the parttclea to accelerate, The role of the rf
coctrol circuitry in to keep the rf fleU’a phase and
amplitude conuhtnt while tha cavity is Ming filled with
rf energy, whet the beam entire the cavit and while it

c?is preseilt. Thio crmtrcl is accom Iishe satisfactorily
Y ~ the initial 1oo3during shady atata but not dur n

tranoient, thus cauoing n rebidual oop error in ho
phase and amplitude,

An accelemtor operata in a mpetitlve mode; there-
fore, conventional feedforvvard techniques can help to
reduce syetemat.k errors. However, a practical feed-
forward system cm onlv cope with A limited number of
stimuli, and ite impiemrntat,ion ia limited in accuracy,
In a typical control loop .ev~rai sources of loop ~rtur-
bationc exist, ouch as component nonlinearities, k.yotron
anode voltnge dronp, and ampliturle/phase cross
tnuplinq, To n~gravn~ mnttem, thwe perturhationn
vnry with time and component aging, Mechanical arid
them}al rhnngeu in the cnvlty structure cause the
cheracbristic resonnnce ]f the cavity ta vary as well,
1)S1’ technology cnn adapt to thew chunget by cm
stantly monitoring the recddunl error ni~nl nnd can
inject the correction si nal aftrr processing md flltcrin

Y !the errnr, This paper w II describe this tachniqu~ npplia ,
to the NPU nccelerntor nt lms Almnun,

Aodicatjon Description

Figure 1 shows a basic block diagram of the NPB
accelerator with the emphasis on the rf drive sections.
An injector starta ions first into the radio. frequency
quadruple (RFQ) cavity. This cavity helps with the
bunching of the ‘
Ramped Gradient I?~~$~~&~d&%~r~d d~~~
tube Iinac (DTL) are used @ increase the beam energy.
In all cases involving the cavities, the energy of the rf

%n and the ions are accelerated. The kl stron typi.
wer delivered from the klystron is transferred ta the

tally produces 1.0 MW of power at 425 M&. The low-
level rf (LLRF) electronics aeuses the cavity field and
through m active control loop varies the drive ta the
klystron to maintain this field, The specifications fur
the field control are i 0.5” in phase and i 0.5% in
amplitude,
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Fig, 1. Basic block diagram of NPB accelerator,

Figure 2 chows a more detailed view of the rf system
control loop that drives each cavity, A fixed-frequent

roscillator generatm the 425-MHz reference rf signs ,
The LLRF electronics controle this signal, which , sent
to t!!e solid-state amplifler (55A), w the klystron, and
into the cavity,
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FIR, 2, Expanded view ofrm~ accelerating cnvity
nml ite A’amplification control,

A pruhc loop in the cavit aenaea the field, nnd its
!signal ia ucnt ta the LI,RIJ )uth phnsc nnd nmplitudc

nr? det4ct4vl, nnri an error mignnl in generat.d b) tho
n pro rinw control electron; cm, A reoult. nnt correttin~
IVa gnn varie~ sn attenuator (for the amplitude) n~ld n

phaw ahifter(for the phnee),



The functional control loop for the LLRF is shown

&
in Fi .3. This schematic is generic and a plies to
both e phase and amplitude control loops. &itially,
the computer sel,da a set-point command. This signal

:IK%%i% $Gg:o:.orrx:z:ad:’ELP:
reference signal, which is amplified and drives the
cavity. The sensing 100{in tie cavi ty sends a signal
back tn the controller w ere it is compared to the set
point. The resultant error signal is sent to the PID
control for correction,

Fig, 3, Functional control loop schematic,

When the accelerator beam enters the cavity, the
besrn-ioading effect will perturb the control loop. To
hel minimize the transient error caused by this event, a

ifee forward technique is used and ia shown as a
summing point mt after the PID controller. The beam

{current and p aac are sensed and a function, fft),
conditions these signals.

The above describes the basic loop control; with the
help of the feedforward signal, the loop meets the
accuracy re uired to maiatain the correct phaae and
am Iitude,

$ ‘“
owever, a DSP technique improves control

of e loop. F~gure 4 shows schematically where this is
ap~lied. The r(,al-time error signal between the set
point and the cavit sensing line gives a residual error

J“ “that the analog to IPW1 convertor (M)) samples. The
DSP stores the error signal and proceoaes the correcting
signal, The correction information is sent throu h a
digital tn analog convertor (D/A) and is summed ~ack
into the loop,
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fJIH, 4. Ful\ctional control ICIUPschematic with DSP,
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Fig. 5. Timing of control loop.

A block dia am of the cavity field control loops is
shown in Fig. % Although the adaptive feed!’orwarcl
s~stem is o erational throughout the pulse, the most

rsignificant oop perturbation is due to transient be~m
loading. The beam perturbation, W(s) in the Laplace
domain, entem the s stsm just before the cavity.

{Because the correction unction y(t) is applied ahead of
the beam perturbation, it is time advanced with respect
to the beam. This pro erly com ensates for the transport

b!delay through the PI contd er, 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 ~hifting, the output signal y(t) is
proceosed dmough n predis+ortion filter that corr?cta for
the freq~lency response of the loop ta provide optima)
cancellu~. >n of the diuturbnnce. Two methode of dewr-
minin the form of the correction signal arc diecussed
hwe. %he Ktmt method is an analytical ap roach using
the known transfer functions of the loop, {he goal is to
provide a y(t) that makes e(t) mm, The analytical
approach is analymd in the s-domain for convenience,

Referring b Fig, 6, the be n disturbing the loop (WI!)
gives an error (En) as

El, = wl,HN ,

where

Apxd~i~D9PTechnolwry

FiKure 5 mhows the relntive timing of the control loop, Ifn = ll(./(l -. H(!H’) .

The rcuidunl c~vit flc[d nm Iitud@ and phase errom,
{\v(t),nre sampled t roughc, ut t e ulse, nnd these time

If the output of the DSP (Y) disturbs the Iw)p, tl,en the

![
siKnuturerr nre then ~v?rrr ed wit samples from man

resulting ●rror(l?r)) would occur:

1prpvious pul~es, Thus, un er normnl opemtion, the 1)S >
memory contnins un np roximation to tha mean error

tlr) = YHI) ,

Yfunctiunn for both amp Itude und phase, “1’he stored where
~ignnls nre ~ubsequcndy procesaad through i~ predia-
t.ortion function to develop the npproprinte fcedforwnrd
si~nnl, y(!),

1[,, -= 11{411’/(1- 11(11’)



To reduce a Y that cancels the beam disturbance
(WB), Je following equality is met:

En+ E~=O;

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

YH~+E~=O

or

Y = -E#H~.

Tbe DSP has to realize a transfer function TosP to
counter the beam error - E~ and produce a correction
signal Y. Thus,

T DW= Y/Ea = -R@~Ho = - l/H. (1)

Equation (1) is a negative inversion of the Uansfer
function of the loop; thus, Y(s) is a leading function,
inverted, and a feedforward technique is required ta
realize this result. The transfer function H(s) is stable
and know,, 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 ~les associated with these
components. Thus, for eac ~le m H’(s), a delay occum
in the correction signal reaching the cavity field.

In the sample time domain, the error signsl is E(N,t),
where N representa the number of the accelerator
pulses. The si

P
al E( l,t) is the first sampled error signal

and consists o a number (dependin on the sample rate
of the A/D) of digitized samples of e error signal, No
correction signals, f(t), are &sent out on the first
accelerator beam pu se because this is the flint E(t)
sampled.

The algorithm used for determining y(t) is

y(N,t) = Y(N l,t) + A e(N,t t,) + Be(N,t [2). (2)

That is, the correction signal y(t) for the present beam
pulse N is the previous correction signal Y(N - l,t), plus
a set of weighted error si

Y
als advanced by K and T2.

The weighting constants and B, and [1 and c., were
varied until the best results were obtained. -

This s,ystem was modeled with a co~ercially
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) was added WIthe model. Figure 7 shows how tne
loop error was reduced with this aigorithm.
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Fig. 7. Reducing the loop error with an
itmative approach.

Conclusion~

The actual accelerator wi 11have a DSP programmed
to im lement the algorithm that both Eqs. (1) and (2)

le.deam The modehng for Eq, (2) is very encouraging
f’showing that this feedforward control tzchnique WI I

eliminate residual error that augments the fast analog
loop and i~iproves the control specifications of the
syatam.

The design of th NPB accelerator will em loy one or
YFurther work WI] wmulatiboth of these methods. , , ,

Eq, (1) with modelin ,
explored to permit &%!!!;d~%&i’%%?~c;;l ?
conform to drif?,ing and aging cornpmenta.


