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1 ABSTRACT 3 DESIGN OF THE TTF RF CONTROL

. SYSTEM
The rf control system of the TESLA Test Facility regulates
the vector sum of multiple superconducting cavities whicfihe digital rf control system at the TTF [2] has been de-
are operated in pulsed mode at accelerating gradients eigned for maximum flexibility of the control algorithm.
ceeding 15 MV/m. In addition to the feed back control loog he main features are:
which suppresses stochastic errors, feedforward [1] is ap= digital IQ detection of the cavity field of each individ-
plied to reduce repetitive perturbations induced by beam ual cavity. The fields are sampled at a rate of 1 MHz.
loading and dynamic lorentz force detuning. In the case ofe calibration of the individual measured cavity field
TESLA repetitive errors are dominating. The feedforward  vectors by multiplication with an appropriate rotation
algorithm first identifies the time varying state space mod- matrix
el of the closed loop system by measurement of a step res calculation of the vector-sum and subtraction from a
sponse. Next the pulse to pulse average of the measured (time varying) setpoint to form the error signal.
perturbations is applied to the inverse state space model te application of the feedback control algorithm which is
obtain the correct feedforward table. The feed forward ta- presently implemented as proportional controller in
bles can be updated continuously to follow slow changes form of a time varying gain matrix
in the perturbation parameters. On-line system identifica-« a time varying feedforward is added to eliminate
tion is transparent to routine beam operation due to the repetitive disturbances

small step size used. All time varying signals are implemented as tables consist-

ing of 2048 pairs of real) and imaginaryi§ values cov-
2 INTRODUCTION ering a pulse length of 2048. The goal of the adaptive

) . - feedforward is to determine the optimum feedforward ta-
The requirements for amplitude and phase stability of th@e which minimizes the residual amplitude and phase er-

vector-sum of 16 cavities are driven by the maximum tokor and to continually update the feedforward tables to
erable energy spread for the TESLA Test Facility. The goghck slowly varying repetitive perturbations.
is an rms energy spread af./E = 210° . The require-

ments for gradient and phase stability are therefore of the 4 SOURCES OF PERTURBATIONS
order of2m0° ando.5° respectively [1].

. The major perturbations of the pulsed accelerating fields in
The amplitude and phase errors to be controlled are of t fe superconducting cavities are induced by microphonics
order of 5% for the amplitude and 20 degrees for the phaae b 9 y b '

a result of Lorentz force detuning and microphonics. The?e/namlc Lorentz force detuning, beamloading, and power

ctuations of the klystron. While microphonics and pow-

errors must be suppressed by a factor of at least 40 whic ;
o . er fluctuations of the klystron are of random nature and
implies that the loop gain must be adequate to meet this . :
. . cannot be predicted in advance of the rf pulse, the effects
goal. Fortunately, the dominant source of errors is repeti; . .
! X of lorentz force detuning and beam loading can be mea-
tive (Lorentz force and beam loading) and can be reduced : - . .
o Sured before they influence the cavity field. While typical

by use of feedforward significantly.

microphonic noise amplitudes are of the ordet®fHz,
the lorentz force detuning reache200 Hz at a gradient of
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Figure 1: Schematic block diagram of the closed loop system of the TTF RF control
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25 MV/m. Both errors have to be compared to the cavitsesponse to the single step is measured and the model pa-
bandwidth of 200 Hz (HWHM). The steady state beamameters are calculated. Based on the model it is now pos-
loading at 8 mA beam current is equal to the acceleratirsiple to calculate the change of feedforward tABlevhich
gradient. The klystron power and phase fluctuates asisarequired to achieve a given state respdnsesee equa-
function of (slow) line voltage variations with a typicaltion 3.
magnitude of 1% for power and 4 degrees in phase.

5.2 SYSTEM REPONSE MATRIX

Another approach to describe the closed loop system with
respect to feedforward input is the system response matrix
5.1 RF SYSTEM MODEL [3]. This approach employs a set of step functions instead
The closed loop system consists of the vector-modulatdf the single step that can be used for system identification.
the klystron, the cavities, the feedback controller, and vaFhe result is a feedforward system-response matrix which
ious delays which are dominated by computational delallows to identify a time varying system even if a parame-
as shown in figure 1. terized model is not available. The inversion of the re-
%onse matrix allows calculation of the feedforwafd

ich is necessary to achieve a given state resgirise

5 SYSTEM IDENTIFICATION

The dynamics of the closed loop system are dominated B
the low frequency poles of the rf cavity which can be deV

scribed by the state space equation: 3, av,]
v ()] _ {‘%/2 —Aw(t)} D{vr(t)} LR algr(t) +lpe(t) ) 3 n| _ R -1 AV @)
V] 180 o] [vm] 2L gy ?tia B
m gl bl Py “en
wherevy, Vi, Ipr, Ipi, Igr. Igi are the real and imaginary parts [8fin) [AVin)
of the cavity voltage, beam current, and generator currefere:
respectively. The remaining parameters are the cavity de- K
tuningAw, the cavity bandwidtl, 5, the cavity shunt im- DF. = Y 3fy (5)
pedance R=(r/Q)*@ and the rf frequencyws. The i=1

Lorentz force will detune the cavity dynamically resultingThe method is computationally more intensive than the

in a time varying detuningox(). system identification with a single step described before.
The closed loop model of the time discrete system with de-

lay can be obtained using standard techniques as described 6 PRINCIPLE OF ADAPTIVE
in various textbooks on control theory [3]. It is given by FEEDEORWARD
equation 2, where V describes the cavity vector-sum volt-

age, F is the feedforward signal, S the cavity voltage sets mentioned before the feedforward system will elimi-
point, N the number of cavitieATs the sampling period, npate only repetitive errors. In practise however stochastic
K the feedback gaing..,gy the gain of Klystron and vec- errors will be superimposed and require averaging meth-
tor modulator, kn=ATqgATs, and ki=(ATg1+ATo)/ATs  ods for sufficiently precise measurement of the predictable
The indices r and i denote real and imaginary part of thesrturbations. Repetitive perturbations as well as the plant
relevant quantity. model may however vary slowly as function of time and
The parameters of the closed loop state space model deay require a continuous update of feedforward table and
scribed by equation 2 can be determined from a step meodel. It is therefore desirable to measure the step respons-
sponse at the desired operating point. For this purposescontinually to maintain a current system model. The step
step function is applied as feedforward signal. The systesize should be small to prevent excessive perturbations of

Equation 2:
JN JN
{v} ) {l—wl/zATS -AmATS} D{v} RO ATs D{Iﬂ , R AT 9,0 7rg, (O EEF} » sr—vré
Vilkrignen | A0BTg 1-0yBTgi, [Vilkek, 29 L YT VT = L B r
m %Y Tm 9y kkyg ¢
Equation 3:
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the state but sufficiently large to allow for an acceptable_—

signal to noise ratio. A flow diagram of the adaptive § Witt‘/fgggt?ng and feedforward
feedforward algorithm as implemented at the TTF is'y e | PvOc 1573
. . \
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Figure 3: RF control system performance without
and with adaptive feedforward.
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