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Abstract

Many conference series have adopted the same A new
digital low-level RF system (LLRF) was designed and de-
ployed on the drift-tube-linac section of the Los Alamos
Neutron Science Center (LANSCE) proton accelerator.
This new system is part of a modernization of the existing
analog cavity-field controls that were originally developed
and put into service forty-five years ago. For stabilization
of the cavity field amplitude and phase during beam load-
ing, a proportional-integral feedback controller, a static
beam feedforward controller, and an iterative learning con-
troller working in parallel have been implemented. In this
paper, the controller architecture is described, and the per-
formances of the three controllers when beam is being ac-
tively accelerated is presented.

INTRODUCTION

The modernization of the LANSCE 201 MHZ RF sys-
tems including the LLRF control systems, RF amplifier
systems was performed[1]. Analog low level RF control
and electronics have been replaced with FPGA based con-
trol systems. The new design of the LLRF system consists
of an FPGA with an embedded softcore processor and net-
work support. In addition, the FPGA-based design gives
the ability for algorithm and processor modification and
upgrade. For the regulation of the cavity field, PI feedback
controller is implemented as a default controller. In order
to improve the performance for beam loading, a static feed-
forward controller and a iterative learning controller are
implemented. Figure 1 shows the overall control system
block diagram. In this note, the features of the controllers
are addressed and the performance of controllers for the
LANSCE production beam operation is presented.

CAVITY MODEL

When beam is not loaded, the transfer function of the
open loop system is expressed as
dio e—Tds 0

G(s) = 0 ey

%B—Tds
where Ty is the loop delay, g;o and gg are I channel
and Q channel steady state gains[2,3]. The time con-
stant, T, can be estimated based on the open loop system
step response[2]. The LLRF system generates a pulse and
it is exerted after the cavity field reaches its steady state.
The pulse perturbs the cavity field and the cavity field per-
turbation is used to obtain the time constant of the cavity.
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Figure 2 shows the test data scope shot. Cavity field (ma-
genta) is in steady state at 400usec. At that instant, a
pulse(yellow) is exerted, resulting in the cavity field per-
turbation. The cavity field waveform is uploaded to the
host computer via EPICS channel access (CA). From cav-
ity field amplitude waveform data, the time constant and
the 3db bandwidth of the cavity are obtained: 7 =
79.51usec, f345 = 2002Hz.
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FEEDBACK CONTROL

The transfer function Cp(z) of the implemented dis-
crete time PI controller is expressed as

K K 1
O @

Here, the proportional gain K, and integral gain K; are
16 bit unsigned integers. The corresponding transfer func-
tion C(s) of the continuous time PI controller can be ob-

tained by s = Zt_—l where t; is the sampling time. The per-
S

formance of the PI control system is shown Figure 3. Note
that with higher PI gains, better performance is obtained.
However, since there is a loop delay of 3usec, gains are
chosen not to degrades robustness stability. Figure 4 shows
the relation between the PI controller gains and the loop
delay. For fixed proportional gains of I and Q channels, as
the integral gains are increased, the peak magnitude of the
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A
g sensitivity function, S(s) = (1 + G(s)C(s))™! of the
E:closed loop system[4], is pushed toward the higher fre-
Z quency region and the excitation amount of the modes of
%the loop delay is increased, resulting in oscillation of the
.~ time response of the closed loop system.
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Figure 3: PI feedback controller performance.
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Figure 4: Sensitivity Function dependency on integral
Gain. The loop delay is 3usec.

BEAM FEEDFORWARD CONTROL

Two types of beam loading compensation feedforward
controllers are implemented. The first feedforward control-
‘I’ ler is the static beam feedforward controller, where the de-
u tected beam current is read-back to the LLRF system and
£ a proper amplification and rotation of the detected beam
% current generates the feedforward I and Q control signals.
& Since the plant of our application is two-input two-output
g (TITO) system, two static feedforward controllers are nec-
< essary for both I channel and Q channel.
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Z1deal static beam feedforward controller parameters are

9a 1 _Ya
/910’ Kff - /ng' B

& Les = Taise — Ty Here, gk, gg , Taist and Ty;5, are I chan-
Enel and Q channel steady state gains, the time constant
£ and loop delay of the disturbance dynamics, respectively.
£ It is known that when Ty, > Ty,  the perfect control is

0

k may be used under the

gKfIf = f =T, Tff = Tgist and

Conte

(0]
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achieved[5]. When Ty;5; < T,; which is our case, the feed-
forward controller is time-advanced and other special ap-
proach such as generalized predictive control(GPC) which
needs heavy computational capability[5,6] or a classical
approach that takes away the time delay part in Eq. (3).

ITERATIVE LERNING CONTROL

The iterative learning controller(ILC) of the form Eq.
(4) is implemented[7,8].

Uit = aQ (i + Ley) - (4)
where uy, is the input to the plant and it is the sum of the
iterative learning controller output, feedforward controller
output, and the feedback controller output.

w = Uikt + Cep + ukf 5)
In Figure 1, the output of the system is given by
Vi = G(u +d) (6)

By applying Laplace transform to Eq.(6), we obtain the fre-
quency response of the closed loop system for the repeti-
tive disturbance, D = Dy, = Dy 44,

Yk = G(Uk + D)
= G(U}“ + CE, + UfF + D)
=TgR + TUU’LC +TpD (7
where
GC G G
Tg = 1+6c’ Ty = 1+6c’ T = 1+GC ®

By applying Laplace transform to Eq. (4) and Eq. (5), we
obtain the frequency response of the system input
U1 = U}’c’ﬁ + CEpyq + Uk+1
= aQ(Uy + LE) + CEk+1 + Uk+1
aQ(1-LG) aQL+C
= (U k+1

= —teec Uk T Trec Bt Tec

(aQL + C)GD) 9
If the disturbance is bounded, that is, if ||d,|| < B, k =
0,1,2,--, foraconstant 3, the sufficient convergence con-
dition of the input Eq. (9) is

|55, < a0

and when u;, converges, then the iterative learning control
ullC also converges. Figure 5 shows the dependence of the
convergence Eq. (10) upon the parameter a where Q filter
is first order low pass IIR filter and L = 1. In the LLRF
system, the ILC is implemented with fixed point data for-
mat and the integer data format parameter a as shown in
Figure 5 is divided by 1024 resulting in the floating point
a. Note that the condition Eq. (10) is satisfied for all & or
Q, if L-filter is designed as L = G~!. The asymptotic error

converges when the control converges.
1-aQ

lim Ej = 1+GC— aQ(l LG)

k—oo
-6 _ FF

1+GC- aQ(l o (@@ -1 -Ui) (11

Ideally, the plant parameters are exactly known and the L-

filter is designed as L = G_1 Then, Eq. (11) is reduced to

aQ
lim E, =12 —c R+t Toee ° _((@Q—1)D-UEF,). (12)

Equations (11) and (12) show that unless @ = 1 and Q is
an all-pass filter, the reference effect to the asymptotic er-
ror remains. Further, when the static feedforward control
is adjusted in such a way that the right hand side of Eq. (11)
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or Eq. (12) makes zero, the error converges to zero. Cur-
rently, the LANSCE accelerator accelerates 4 beam species
[9]. Each beam has different features in length, chopping,
magnitude, rate, etc.. The ILC, shown in Figure 6, updates
the future control output based on the current control out-
put and the current error. The error and the control output
are stored in a memory for the future control output com-
putation. Different beam produces different error and
therefore for each beam, its own error/control output mem-
ories are allocated. Those memory reading and writing are
enabled by the beam species. The Q filter of the iterative
learning controller is applied commonly to all beam.
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Figure 5: Control Convergence Condition of Iterative
Learning Control. Q filter is a low pass filter and L=1.
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Figure 6: Iterative Learning Controller structure imple-
mented on the LLRF FPGA.

BEAM PRODUCTION EXPERIMENTS

For the beam loading test, « is adjusted manually via
calculating the error norm in such a way that the error norm
is decreasing. Figure 7 shows the ILC performance for the
Isotope Production Facility (IPF) beam consisting of 3.8
mA (peak) H+ beam. A discrete time first order low pass
IIR filter is implemented for Q-filter, whose pole is 0.305.
Note that a = 0 is when only PI controller and static beam
feedforward controller are applied. The error data is ob-
tained inside the LLRF FPGA. Figure 8 shows the perfor-
mance of the ILC for 8.0mA H- 1LTarget (LBEG) beam
after the ILC converges. The amplitude error and phase er-
ror are obtained with ADL5511 [10] and the AD8302 [10],
respectively. Figure 9 shows the dependency of the ILC
performance upon the Q-filter pole (3db bandwidth)with
LBEG beam. The figure shows that as the pole of the dis-
crete time Q-filter becomes more close to 1.0, the peak
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amplitude error increases. This means that as the Q-filter
becomes narrower, the higher frequency error spectrum is
filtered and the ILC cannot suppress this error spectrum.

CONCLUSION

The digital LLRF system has been installed at LANSCE
201MHz DTL tanks. The compensation performances of
iterative learning control yields more than 100% improve-
ment of the amplitude and phase stability over the feedback
plus static feed forward performance for the LANSCE H+
and H- beam loading.
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Figure 7: ILC Performance for 3.8mA H+beam.
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Figure 8: ILC Performance for 8mA H-beam.

Figure 9: The dependency ofILC Performance on the Q
filter bandwidth. ¢ = 40.

WEPAL046
2279

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

©



9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
5 ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-WEPALO46

REFERENCES

[1] J. Lyles et al., “Installation and Operation of Replace-
ment 201 MHz High Power RF System at LANSCE,”
IPAC 2015, Richmond, VA, USA.

[2] Kwon, Sung-il, Lynch, Mike, and Prokop, Mark, “De-
coupling PI controller for a normal conducting RF
cavity using a  recursive LEVENBERG-MAR-
QUARDT algorithm,” IEEE Trans. Nuclear Science,
vol. 52, no. 1, 2005.

[3] Feng Qiu, et al., “Application of disturbance observer-
based control of low-level radio-frequency system
in a compact energy recovery linac at KEK,” Physi-
cal Review Special Topics-Accelerator and Beams,
vol.18, no.9, 2015.

[4] Sigurd Skogestad and Ian Postlethwaite, Multivariable
Feedback Control: Analysis and Design, John Wiley
& Sons, Ltd., 1996.

[5]J.L. Guzman and T. Hagglund, “Simple tuning rules for
feed forward compensators,” Journal of Process Con-
trol, vol.21, pp. 92-102, 2011.

[6] Andrzej Pawlowski, et al., “Measurable Disturbances
Compensation: Analysis and Tuning of Feedforward
Techniques for Dead-Time Process,” Process, vol.4,
no.12 pp1-20, 2016.

[7] Sungil Kwon, Amy Regan, and Yi-Ming Wang, “SNS
Superconducting RF cavity modeling-iterative learn-
ing control,” Nuclear Instruments and Methods in
Physics Research Section A, vol. 482, pp12-31, 2002.

[8] M. Verwoerd et al. “On admissible pairs and equivalent
feedback-Youla parameterization in iterative learning
control,” Automatica, vol.42, pp2079-2089, 2006.

[9] Mark Prokop, Sungil Kwon, Phillip Torrez, and Ste-
phen Ruggles, “LANSCE-R low level RF control sys-
tem, PAC2007, Albuquerque, NM, USA.

[10] Analog Devices, http://www.analog.com

Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018)

WEPAL046 06 Beam Instrumentation, Controls, Feedback, and Operational Aspects

® 2280 T27 Low Level RF

®



