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The compensation of the beam loading effect is a significant issue that every
accelerator has to face. With the progress of the times, the requirement of the accelerator
performance is becoming higher and higher. For the linear accelerator (LINAC), in order
to higher output power, the corresponding beam current must also be increased. For the
reason of beam loading effect, the strong beam current will cause a significant drop of
the accelerating gradients. If the radio frequency (RF) field in the cavity is not well
compensated, large energy changes may happen across the macro-pulse. Although the
low-level radio frequency (LLRF) system can compensate the beam loading effect for a
certain degree by adopting the feedback control and static feedforward control. However,
due to the large delays of feedback signals and the limitation of model accuracy of
feedforward signals, when the beam current is too strong, the deformation of the RF
field still can be observed easily.

To solve this problem, an iterative learning control (ILC) based adaptive feedforward
control scheme was put forward. To verify the effectiveness of this new methods, A
simulation model of a low-level radio frequency (LLRF) control with iterative learning
control function was design. The simulation results show that ILC greatly improve the
transient response performance of LLRF system. As the increasing of iteration times,
the tracking error of system decrease monotonically. To realize the adaptive feedforward
control, an ILC controller was design by using the python program in EPICS computer.
And the ILC loop was built through EPICS LAN. Finally, an ILC based adaptive beam
loading compensation experiments were successfully conducted in the J-PARC LINAC.
The experiments demonstrate that the inclusion of the adaptive feedforward controller
improves the performance of the control system significantly. The great improvement
of the transient behaviors in beam loading is observed. For the accelerating field with
beam operation, compared to the performance with just the feedback controller, the peak
to peak stability of amplitude improves from larger than +4% to less than £0.4% and
the peak to peak stability of phase improves from +£1° to +0.2°. And there is no need to
prepare two feedforward mode in the future for ILC can operate on both the normal
beam and chopped beam without change. Furthermore, the application of this new
method not only greatly reduces the time of beam adjustment but also effectively saves
manpower. Because for the static feedforward control, to compensate the beam loading
well, people need to find a suitable feedforward amplitude and a correct delay offset



value by constantly adjusting the value manually. This is a very time-consuming task
for the J-PARC LINAC which has 48 stations. But for the ILC based adaptive
feedforward control, the program will finish the compensation process automatically in
about 16 seconds at the repetition rate of beam 25 Hz if the iteration process run 50
times.

The thesis consists of eight chapters. In the first chapter, the research background
is introduced. The motivation of this research is explained. The situation of J-PARC and
J-PARC LINAC are introduced. Chapter 2 gives an overview of beam loading
compensation methods in digital low-level radio frequency (LLRF) system for different
large facilities. Their schemes and performance are summarized and compared. Chapter
3 presents the upgrade of J-PARC LINAC LLRF system. The information of current
LLRF system is introduced. The status of development of the new system in the J-PARC
LINAC LLRF is presented. In the chapter 4, the Iterative Learning Control (ILC) theory
is introduced. The principle of ILC is illustrated. Several popular ILC methods are
discussed. Chapter 5 introduces the implementation of ILC simulation design for LLRF
system on MATLAB, Simulink. The results of simulation test are shown and discussed.
Chapter 6 details the method of ILC based beam loading compensation. The
performance in both the 324 MHz low-f section and the 972 MHz high-B section of this
method are shown and evaluated. Chapter 7 gives a mathematical analysis on the LLRF
system with an ILC based feedforward. The stability and convergence of the system are
discussed. The last chapter give a summary to the work and introduce the future plan.
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