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Abstract

The J-PARC RCS uses four horizontal and two vertical
painting magnets to generate a high-intensity beam
through painting injection. Their IGBT-chopper power
supplies can reproduce current waveforms with an accu-
racy better than 1%. By combining automatic generation of
command voltage waveform with manual finetuning keeps
the current deviation of the painting pattern within +1.0%
of the required accuracy. There are 90 waveform patterns
in total, including two types: trapezoidal waveforms for
low-beam-loss studies and decay waveforms for high-in-
tensity beam production. As these patterns have different
current demands and impose different loads on the power
supplies, the tuning process becomes increasingly com-
plex. Adjusting a single painting pattern takes approxi-
mately one hour and optimizing all 90 patterns takes sev-
eral days; therefore, reducing the adjustment time is essen-
tial. To address this issue, we applied a neural network ap-
proach to generate optimized command voltage wayve-
forms. After training the neural network using painting'pat-
terns generated by the actual machine, we achievedypredic-
tions with a deviation within £0.2%. Furthermoré, we were
able to significantly reduce the time required forprediction
to just a few seconds.

INTRODUCTION

The J-PARC [1] RCS [2] uses four horizontal and two
vertical painting magnets to génesate a‘high<intensity beam
through painting injection [3]. The painting magnet power
supplies [4] consistiof réctifiers that uses an IGBTunit to
generate cufrents with arbitrary waveforms, and an‘indirect
conversion device comprising a chopper. These systems
can génerate and output|trapezoidal ox decay waveforms as
required. In current operation, it achiéves high-precision
control, with the diffeérence between the set-point and the
outputalue falling' within the required accuracy of £1.0%.
However, because the load impedance of the electromag-
nets exhibits nonlinearity with input waveforms, it takes
about an hour to adjust a single waveform pattern. Further-
more, since 15 wayeform patterns are used per unit during
accelerator beam studies’at the RCS, a total of 90 wave-
form patterns are required for the six painting magnets. As
a result, it takes several days to adjust all the waveform
patterns required for operation, and in the limited beam
studies time available, there is a need to reduce the time
required to adjust the waveform patterns for the painting
magnets.

In this study, we used a neural network (NN) to model
the nonlinear relationship between the command voltage
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waveforms and the output current waveforms, enabling the
rapid determination of the appropriate command voltage
waveform for a given output current waveform. The pre-
dictions for trapezoidal waveforms' are as reported in
IPAC’25[5]. This paper presents decay waveforms, the
configuration of the NN, the wayveform data employed for
training, and the obtained results.

PAINTING MAGNET POWER SUPPLIES

The pdinting magnet power supplies require excitation
waveforms of various shapes; such as trapezoidal wave-
forms used for low-beam-loss studies and decay wave-
forms used in painting injection. These waveforms are
shown inFig. 1.To generate these arbitrary waveforms, the
painting magnet powerysupplies multiplex twelve IGBT
unit‘assemblies operatinghat 54 kHz and outputs the re-
quired excitation waveforms through wave-form synthesis
using high-speed switching at 648 kHz [6]. Figure 2 shows
the basic configuration of the painting magnet power sup-
plies. The outputicurrent of these is analog-controlled by
an IGBT control signal converted from the command volt-
age waveform. This control signal is generated through
current feedback and voltage feedforward. The response
time constant of the current feedback is approximately 20
ps. Theréfore, when the current value changes significantly
and continuously over a short beam injection time of 500
s, the command voltage waveform adjusted for voltage
feedforward is directly applied. This ensures that the output
current does not deviate from the reference current wave-
form. Furthermore, for the injection schemes in different
paint areas required for the MLF [7] and MR [8], the com-
mand voltage waveforms for the respective excitation
waveforms are applied.
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Figure 1: Examples of decay-type and trapezoidal wave-
forms for MLF and MR.
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Figure 2: Basic configuration of the painting magnet power
supply.

The waveform patterns for the painting magnet power
supplies are generated as 12-bit digital signals, with the
command voltage and target current waveform created at a
sampling rate of 500 kHz (every 2 ps). As long as the out-
put current and voltage remain within the rated range, the
power supplies can produce outputs with arbitrary wave-
form shapes. Currently, painting pattern adjustments are
performed by combining software [9] with manual tuning,
in which the command voltage waveform values are ad-
justed on a case-by-case basis while monitoring deviations
in the output current.

APPLYING NN STUDY
MLF Decay Waveforms

Given that waveform pattern adjustment is time-con-
suming and there is a shortage of technicians, we designed
a convolutional neural network (CNN) thatd€arns'the non-
linear relationship between the output/urrent wayveform
and the command voltage waveform,/enabling theSystem
to generate the command voltage waveform whef the out-
put current waveform is input..As reported indPAC25 [5],
it is possible to predict trapezoidal waveforms with an acs
curacy of +0.2% using a neural network. This paper repoits
on the prediction of decay waveforms for MLF and MR
(MLF wayeforms /MR waveforms), respectively.

Firstgwe trained the NN on thesMLF waveforms. Fig-
ure 3 shows the process. To generate'training data, we ap-
plied command voltage waveforms to the painting magnet
power supply and mieasured the resulting current wave-
form. The output current waveforms were used as the input
data for the NN, and the command voltage waveforms
were used as the output data. Details of the training data
are described below.

Both the input and output data are one-dimensional and
have been normalized to the range [0, 1]. In addition, the
data length of the MLF waveform was set to t = 0—1190 pus
(dim = 595), corresponding to the beam injection period.
The number of training data for the MLF waveform was
set to 444, and the number of validation data was set to 50.
The command voltage waveform is a 12-bit digital signal
that represents 0 V to 5 V with values from 0 to 2047, and
-5 V to 0 V with values from 2048 to 4095. In other words,
command values of 2048 or higher indicate a negative volt-
age. As shown in Fig. 4, when training the NN, the com-
mand voltage
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Figure 3: The process of the NN training.
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Eigure 4: Conversion of écemmand voltage waveforms.

waveformsywere convertedso that values greater than 2048
would benegative, ensuring a positive correlation between
the command voltage and the output current waveforms.
Figure 5 shows the, prediction accuracy before and after
conversion. Before conversion, there was an error of ap-
proximately 7% between the reference voltage waveform
and the predicted voltage waveform around t=250; after
conversion, this deviation was reduced to approximately
2%.

The NN was implemented using TensorFlow [10]. The
network; consists of eight layers, including two one-dimen-
sional.convolutional layers and one “Dropout” layer.

e “Dropout” was applied during prediction (Dropout

rate: 0.05)
o The activation functions used are “tanh”, ‘ReLU’, and
“sigmoid”

e “Adam” was used as the optimizer, and “MSE” was

used as the loss function.

1 "
Lossysg = ;Z?=1(yi - ¥)? ()
e The number of epochs is set to 8000, and the batch
size is set to 32

1.0 /A Predict V 5010 Predict V 30
=09 (left axis) 4009 o 40
g 08 L S A3 o) e (leftais) 00
507 - 20 07 Deviation {20 &
06 L 1006 (right axis) {10 =
o 0.5 ) ~— 0 05 0 =
o4 g Deviation ~10 04! -10 .8
= : i g >
D03} (right axis) -20 03 L 20 B
02 -30 02 ha -30
0.1 L 40 0.1 -40
0.0 -50 0.0 -50
0 200 400 600 0 200 400 600
Time(arb. unit) Time(arb. unit)

Figure 5: Prediction accuracy before and after command
voltage waveform conversion. The graph on the left shows
the data before conversion, and the one on the right shows
the data after conversion.



Check the prediction accuracy of the NN. First, the ideal
current waveform is input into the trained NN to predict the
command voltage waveform. Next, apply the predicted
command voltage waveform to the painting magnet power
supply and verify the output current waveform. Figure 6
shows the results of feeding the voltage predicted by the
trained NN into the painting magnet power supply. The de-
viation between the ideal current waveform and the output
current waveform during the beam injection period was
within £0.2%. Furthermore, while it used to take about an
hour to adjust a single waveform pattern, it can now be
done in just a few seconds.
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Figure 6: Results of the MLF waveform verification.

MR Decay Waveforms

A NN for MR waveforms was created using the same
layer structure as the NN built during the training of atten-
uated MLF waveforms, and it was then trained. Deseribe
only the points that differ from the NN ofithe MLF wave-
forms.

e -The data length was set to t = 041620 ps (dim =810)

e - The number of training data was set to 444, and the

number of validation datd was set to 50

The verification results are shown in'Fig. 7. During the
beam injection period, thé deviation between the'targetCur-
rent wavefofm and the output current waveform was kept
within +£0.2%.
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Figure 7: Results of the MR waveform verification.

Learning Two Types of Waveforms

Up to this point, we have trained separate NN for the
MLF and MR waveforms; however, to reduce adjustment
time and improve operational efficiency, it is desirable in
actual operation to be able to make predictions using the

same NN regardless of the waveform shape. Therefore, we
trained a single NN on MLF and MR waveforms and veri-
fied its prediction accuracy. The differences in the training
data are listed below.
o The data length was set to t = 0-1620 ps (dim = 810),
e The number of training data was set to 900, and the
number of validation data was set to 75
e - The number of epochs is set to 5000, and the batch
size is set to 32
The results are shown in Fig. 8. Sinceshe deviation be-
tween the target voltage waveform and the,predicted volt-
age waveform was within +1%, we were able'to train a sin-
gle neural network to learn bothgthe, MLF ‘waveform and
the MR waveform.
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Figure)8: Ideal woltage waveforms and predicted voltage
waveforms when training a single neural network on MLF
and MR waveforms.

SUMMARY

A wayeform pattern control system for the J-PARC RCS
painifing magnet power supplies, utilizing machine learn-
g, was developed. After conducting an analysis of the
trapezoidal waveform and the decay waveform used in
beam adjustment, we were able to demonstrate that by
training '@ NN to learn the model between the command
voltage and the output current, it is possible to predict the
command voltage waveform from the output current wave-
form for both the MLF and MR waveforms. For both wave-
forms, we were able to reduce the adjustment time from
one hour to a few seconds and achieve an accuracy of
+0.2% against a target accuracy of =1.0%.

In this report, the painting magnet power supply was
used offline. There may be slight variations between indi-
vidual power supplies. In the future, similar verification
tests are planned to be conducted on the four horizontal and
two vertical painting magnets that have been installed in
the J-PARC RCS. This makes it possible to verify the pre-
diction accuracy of the NN. Furthermore, we intend to ap-
ply waveform adjustment using the NN to not only the
power supplies for the painting magnets, but also to all pat-
tern power supplies in the J-PARC.
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