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Abstract

The rapid-cycling synchrotron (RCS) is a crucial device for proton beam acceleration at the China Spallation Neutron Source,
operating at a repetition frequency of 25 Hz. The beam power was increased from 100 kW to 140 kW. This increase makes
the on-orbit beam more sensitive to disturbances in various parts of the accelerator, including the RCS magnet power supply
system. This paper presents a method for reducing the high-order harmonic current error in resonant power supplies for
dipole magnets and examines its impact on the horizontal orbit offset of the beam. It adopts a control scheme that combines
high-order harmonic current compensation with PI double-loop control of the resonant power supply. By utilizing the existing
digital controller hardware in the RCS power supply system, this study demonstrates how to achieve precise control of the
50 Hz harmonic current output in a cost-effective manner. Ultimately, it enhances performance by reducing the current error
by up to 50% and provides methodological support for future upgrades to the power supply system. Such improvements
enhance the stability of the RCS, reducing the beam horizontal orbit deviation by at least 19.8%.

Keywords Current error analysis - Magnets saturation - White resonant circuit - FPGA - Harmonic current compensation
algorithm

1 Introduction

The China Spallation Neutron Source (CSNS) is a multidis-
ciplinary neutron-scattering science facility based on high-
energy proton accelerators. To further satisfy the urgent
demands for neutron scattering in disciplines such as phys-
ics, life sciences, and materials science [1], the CSNS Phase
II construction project is underway. As originally designed,
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the system aims to upgrade the beam to a high-performance
level, targeting a beam extraction power of 500 kW [2-5].

At the beginning of this process, the RCS achieved a
beam extraction power of 140 kW, increased from 100 kW,
and a proton beam intensity of 87.5 pA for target experi-
ments. However, at this stage, it has been observed that
the increased beam power makes the on-orbit beam more
sensitive to disturbances in various parts of the accelera-
tor, as well as in the magnet power supply system [5-7].
For resonant magnet power supplies that directly affect the
parameters of the beam’s horizontal orbit, higher current
accuracy and stability are required.

As shown in Fig. 1, the CSNS accelerator system com-
prises an 80 MeV linear accelerator (LINAC) and a 1.6 GeV
rapid-cycling synchrotron accelerator (RCS). To achieve
high beam power, the RCS must operate at a high repetition
frequency (25 Hz) [8, 9]. This results in significant reactive
and active power throughput for the magnets. To prevent
serious disturbances to the power grid and grounding sys-
tems caused by reactive power throughput, a power supply
system was designed using white-circuit resonance magnet
power supplies [10]. A schematic of this process is shown
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Fig.2 Schematic diagram of the multi-unit series-connected resonant
network structure

in Fig. 2. In the RCS, six independent resonance networks
are established for the dipole and quadrupole magnets, each
with a separate power supply. These networks are controlled
by a tracking control system to satisfy the synchronization
precision requirements of the dipole and quadrupole magnet
fields.

The resonant magnet power supplies consist of one Bend
Magnet Power Supply (BPS) and five Quadrupole Magnet
Power Supplies (QPS). They provide the excitation and drive
for 24 dipole magnets and 64 quadrupole magnets, respec-
tively [11]. In the ideal operation of the RCS, the dipole
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and quadrupole magnets are excited using 25 Hz sinusoidal
current waveforms with a DC bias. However, dipole magnets
capable of handling an excitation current peak of approxi-
mately 2300 A (the maximum design value) without enter-
ing the saturation zone would require a design significantly
larger in both volume and dimensions than the models cur-
rently utilized in the RCS [12-16]. Such an increase in size
would necessitate expanding the spatial requirements of the
RCS ring tunnel, leading to a significant surge in construc-
tion expenses. In light of these considerations, the CSNS
project was designed from its inception to employ compact-
sized dipole magnets. This approach is complemented by
an innovative strategy involving multiple harmonic currents
with 25 Hz as the fundamental frequency to synthesize and
inject the dipole magnets, ensuring an optimal balance
between performance and cost-efficiency [17] (Fig. 2).

The Digital Power Supply Controller Module (DPSCM)
used in the resonant power supplies is the main component
for realizing the aforementioned strategy. It employs an
Altera field-programmable gate array (FPGA) as its logic
control core for output current, while the NIOS II soft core
handles the communication components [18-20]. The actual
control process of the power supply is illustrated in Fig. 3.
The output current and voltage are sensed and digitally pro-
cessed through an ADC/DAC board [21, 22]. The DPSCM
utilizes a dual-closed-loop PI control algorithm to regulate
the quasi-sinusoidal output current by adjusting the ampli-
tude and phase. Finally, the corresponding PWM waveforms
are generated through a Digital I/O Board to achieve the
desired reference current output of the power supply [23].

The power supply system previously proposed a control
scheme based on double-loop proportional-integral (PI) con-
trol, composed of a multi-harmonic reference loop and a
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Fig.3 The control diagram of the magnet power supply based on
DPSCM-II

rear synthetic current loop. This strategy is designed to pre-
cisely control the output of a 25 Hz fundamental wave and
its harmonic multiples. This precision is achieved through
a multi-harmonic reference loop comprising six parallel
regulation loops, each dedicated to adjusting specific fre-
quency harmonics. The outcomes of these adjustments are
then consolidated by the Ref-Waves Combination module,
which merges all the calculated results. These merged results
serve as the reference input for the subsequent stage of a
conventional PI control loop (inner loop).

As shown in Figs. 4 and 5, the actual implementation
limits the PI control to only DC and 25 Hz, leaving higher-
order harmonics under open-loop control. For the 100 kW
extraction power of the RCS, this simple control strategy is
sufficient to satisfy the original design requirements cost-
effectively. However, in the upgrade process using this con-
trol scheme, the control effectiveness and accuracy of the
higher-order harmonic currents are not ideal [24].

Two main factors influence the output current. Firstly,
magnet saturation leads to changes in the load characteristics,
causing distortion in the output current waveform [17, 25].
This distortion includes various harmonic disturbances
(referred to in this paper as background current). These
disturbances significantly interfere with the harmonic
component output of the open-loop control. Secondly, the
resonant units paired with the dipole magnets, including the
resonant inductors and capacitors, are placed outdoors. The
substantial temperature variations of about 10 °C throughout
the day result in temperature drift of the current [26]. These
factors notably impact performance, resulting in errors in the
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Fig.5 (Color online) Host computer configuration of BPS (KO means
the DC and K1 means 25 Hz current, both of which are close-loop
while others are open-loop control)

harmonic output current. They can even lead to beam orbit
displacement and an increase in the beam loss rate.

This study conducted an error analysis and simulation to
calculate the deviation of the horizontal orbit quantitatively,
thereby confirming the influence of the beam current on the
RCS, as detailed in Sect. 2. To minimize error interference,
Sect. 3 describes the optimization of the control algorithm
used in the DPSCM controller. Section 4 presents the
verification of the numerical calculation results and the
performance of the BPS using the new control scheme under
real RCS operation.

2 Effect of current error under magnets
saturation

2.1 Magnet field error contributed by current error

The relationship between the magnetic field and the excita-
tion current can be clearly expressed using the transfer func-
tion, which is the ratio of the integral magnetic field strength
to the excitation current (BL/I) [27, 28]. The corresponding
curves are shown in Fig. 6. The transfer function provides
a visual representation of the effect of magnetic hysteresis
on the working magnetic field of the magnet [29-32]. The
upward and downward paths of the excitation current fol-
low different curves, and the flat region of the curve during
ideal magnet operation can be clearly identified. Beyond
this range, the magnet becomes saturated as the excitation
current continues to increase, resulting in a decrease in the
transfer function.

Considering that the peak work excitation current of the
dipole magnet in RCS can reach approximately 2100 A, as
shown in Fig. 7, B/I — I reaches the edge region of the curve
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Fig.7 Dipole pole magnet excitation current curve

under practical operating conditions, causing a change in the
excitation relationship between high and low fields. Taking
these factors into account, the relationship between % and
% can only be linearly correlated rather than strictly linear.
The relative magnetic field error is a key parameter for simu-
lating deviations in the horizontal orbit. To further analyze
the impact of the current error on the magnetic field under
actual operating conditions, it is necessary to utilize offline
magnetic measurement curves and employ fitting methods
to quantitatively determine the relationship between the rela-
tive current error and the relative magnetic field error.
First, the current error sources must be determined. As
shown in Fig. 8, this paper leverages old control strategies
and actual feedback data to identify the 50 Hz current as the
main source of disturbances. This observation considers the
fact that both DC and 25 Hz currents are regulated through
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closed-loop control, the trend of the 50 Hz error variation is
consistent with the trend of the outdoor temperature, and the
amplitudes of harmonics at 75 Hz and higher frequencies are
relatively small. Therefore, it is assumed that the 50 Hz error
is the sole source, excluding the computational errors caused
by harmonic superposition.

Under the parameter conditions of a 140 kW beam output
power, the reference output current from Fig. 7 and the real
current error from the original data, which were found to be
abnormal, as shown in Fig. 8c, were used to calculate the rela-
tive errors of the current and magnetic field for the RCS dipole
magnets (for convenience of calculation and comparison, the
error was approximately equal to 280 mA). Using the fitted
equation obtained from the actual offline B-I magnetic field
measurement data, Fig. 9 presents the relative error curves [33,
34]. The calculations show that the 280 mA error introduced
by the 50 Hz harmonic current has a maximum relative cur-
rent error of % = 8.04 x 10~ at the lowest current point (the
denominator equals 348.21A), while the maximum relative
magnetic field error is 22 = 7.22 x 107,

2.2 Calculation on orbital deviation by current error

In the RCS, dipole magnets are used to deflect the proton
beam and complete its closed orbit. Magnetic field errors in
the dipole magnets manifest as errors in the beam deflection
angle. A thin-lens model with an integral field strength of ABI/
was used as the perturbation model of the dipole magnet on
the beam orbit, as shown in Eq. (1). In this model, the dipole
magnet provides an angular kick (angular error) as particles
pass through it [35].

ABI
0="F~ (1)
p
AB represents the uniform variation in the magnetic field
over the length /. This is the equivalent introduction of the
relative magnetic field errors.
Assuming that there is a disturbance ( u0’> at the exit of
0
the error source, where u,, is the position and )’ is the angular.

The corresponding closed orbit disturbance at the entrance of
Uy
u,’ — 0
transmission matrix M(s, + L|s,) to solve the following

Eq. (2):

(uof‘O_ 9> = M(sy + Llsp) - <ZS,> 2

It should be noted that on the investigated hypothetical
condition assumes a transient single-point error source.
The resulting closed orbit exhibits a sharp point at the error

the error source is < ), then using the single-turn
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Fig.8 (Color online) Output current data of DC and the harmonics at 25 Hz fundamental frequency from BPS (AT =13.3 °C)

location, where the beam trajectory experiences an angular
kick of 6. If errors occur throughout the entire ring and all
24 dipole magnets in the RCS are excited by the BPS alone,
the presence of a 280 mA error will cause changes in the
beam angle 6, leading to beam trajectory displacement.
This can destabilize the accelerator operating point and, in
severe cases, cause beam loss for RCS, especially given the
limitations of the correction magnets and the sensitivity of
the accelerator’s operating point to perturbations.

To quantify the impact of the 280 mA current error on
the beam trajectory, this study employed MadX simulation
software, developed by CERN for charged particle optics

design and research on alternating gradient accelerators and
beamlines [36].

Based on the lattice structural parameters of the RCS, the
maximum relative current error data in Fig. 9 were used to
introduce an equivalent error source for all the dipole magnets
in the ring [37]. Assuming the 50 Hz current error is the sole
contributor to magnetic field uniformity fluctuations, the simu-
lated beam trajectory results, shown in Fig. 10, indicate that
the maximum horizontal offset of the beam in the four arc sec-
tions of the ring due to the 280 mA current error is 2.81 mm.

This simulation quantitatively verifies the orbit deviation
effect caused by the resonant power supply in the RCS. It
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Fig. 10 The results of the orbit offset simulation due to dipole magnet
errors in CSNSRCS

demonstrates that the performance of the BPS significantly
influences the horizontal orbit stability.

3 High-order harmonic current control
3.1 Load characteristics of resonant power supply

The BPS topology includes a three-phase rectifier bridge,
BOOST circuit, inverter circuit, and output filtering circuit,
as shown in Fig. 11. It consists of 10 power units connected
in series with the load. The load of the BPS comprises 24
dipole magnet loads distributed throughout the RCS ring and
12 matching resonant units connected in series, forming the
white-circuit structure.

The series-connected white-circuit structure is shown in
Fig. 2. L, represents the inductance of the magnet; L, is the
inductance of the resonant choke; C,, and C, are the resonant
capacitors; and R, and R, are the equivalent resistances of the
magnet and choke, respectively. The main components include
a magnet, resonant capacitor, and resonant choke, which
together form resonant units [37]. The number of resonant
units varies with the power supply. The corresponding
component parameters of each unit were essentially identical,
ensuring that their resonant frequencies were consistently 25
Hz, as shown in Eq. 3. In fact, a load consisting of a matched
resonant network exhibits nonlinear dynamic inductive
characteristics under temperature variations and magnetic
saturations [10, 38].

1 1
220\L.Co. 21\L;Cq

In this structure, the power supply is directly connected in
series with the magnetic branch of the resonant network,
providing an AC current with a DC bias. It periodically
replenishes the losses in each resonant unit and, in
conjunction with the control system, synchronizes tracking
and excitation across various types of magnets. Due to the
resonant characteristics of the load [26], this circuit favors
currents closely aligned with the resonant frequency w,, and

Soft Start-up
Circuit

A K4

Fig. 11 The topology structure of the main magnet power supplies in RCS
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effectively suppresses input currents at non-free oscillation
frequencies. Under identical-intensity pulse current input
conditions, the steady-state magnet current intensity
exhibited variations exceeding a factor of 10. In engineering,
BW denotes the range of frequencies through which a signal
can pass effectively, as shown in Eq. 4.
BW Sl

Wy — W 0 )
Frequencies @, and w, represent the boundary frequencies
of the bandwidth, corresponding to a maximum value of
70.7% on the resonance curve. The quality factor Q = 2k
indicates the circuit’s selective responsiveness. For a given
natural oscillation frequency, circuits with higher Q values
have narrower bandwidths.

A frequency-response analysis was conducted on the
actual resonant load of QPS03 (with characteristics similar
to those of other loads), as shown in Fig. 12. This analysis
demonstrates a strong ability to suppress higher-order har-
monics of the response current, which significantly influ-
ences the design of subsequent harmonic wave compensa-
tion controls. However, it is important to note that while this
load effectively suppresses frequencies outside the resonance
point, the harmonic disturbances caused by current distor-
tion in the actual load output are already attenuated, and the
remaining interference is considerable.

3.2 Control characteristics with magnets saturation
situation

Ideally, in the absence of magnet saturation, the magnetic
field gradient should follow the variations of a 25 Hz sinu-
soidal current gradient. However, in practice, magnet satura-
tion causes the load inductance to vary nonlinearly, as shown
in Fig. 13. This nonlinearity leads to changes in the resonant
circuit’s load characteristics and distortion of the output cur-
rent waveform. To ensure the magnetic field gradient meets
the required specifications and eliminate the higher-fre-
quency components of the magnetic field, the power supply
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Fig. 13 The inductance measurement of a dipole magnet
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Fig. 12 Bode scheme of resonant load of QPS03
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system must adopt appropriately modified current reference
curves based on the actual nonlinear B-I relationship, as
shown in Fig. 6. This process involves superimposing addi-
tional anti-harmonic components on the resonant power
supplies’ output and correcting the reference current [39,
40]. The modified current reference should include a 50 Hz
component with an amplitude of 4.59 A and a phase shift
of 10.3°, along with higher-order harmonics determined
through offline magnetic field measurements and FFT (fast
Fourier transform) calculations. For resonant power sup-
plies, precise control of the frequency, amplitude, and phase
of the output current is critical to achieving optimal tracking
of the magnetic current across multiple resonant networks.

3.3 Design of the high-order harmonic current
control

This design emphasizes the accuracy and stability of the out-
put current in RCS resonant magnet power supplies. More
precise control of the 50 Hz harmonic current’s amplitude
and phase is essential. Based on given the control issues
and characteristics described above, further optimization of
algorithms and code structure is necessary to achieve pre-
cise control of the 50 Hz harmonic current while operating
within the constraints of limited chip resources. As shown in
Fig. 14, an optimized control scheme based on the DPSCM
controller is proposed. This scheme incorporates PI control
for the amplitude and phase of the 50 Hz harmonic into the
multi-harmonic reference loop. The resulting output is then
used as the reference input for rear synthetic current-loop
control after the Ref-Waves combination. This configuration
establishes a sophisticated dual-closed-loop control system.

Considering the nonlinearity of the load inductance,
disturbances from the power grid, and the characteristics
of the resonant circuit, background distortion currents
are generated at multiple frequencies. Under actual
operating conditions, an approximately 6.7 A 50 Hz
harmonic current (referred to as the background current)
with a phase shift, as well as higher-order harmonic
components (not detailed in this paper), is observed.
The background current needs to be controlled to a 50
Hz reference value of 4.59 A. Although the fluctuation

DC current
PI Loop
25Hz Current
PI Loop
50Hz Current
PI Loop
75~150Hz Current
Open Loop

FFT Module

Tout
>

Ref-Waves Output current PWM
‘Combination PI Loop Generator

Fig. 14 The control algorithm block diagram for the CSNSRCS main
magnet power supplies
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of the load current is corrected through the closed-loop
feedback of the regulation circuit, closed-loop control
inherently introduces a response delay, resulting in a
lagging reaction. PI closed-loop control alone cannot
achieve the desired reference value for the 50 Hz harmonic
current, which prevents the attainment of the expected
magnetic field strength. To address this limitation, this
study incorporates extra harmonic compensation through
an open-loop adjustment to counteract the influence of the
background current.

The design principle for the current feedforward
involves adjusting the modulation coefficient (duty cycle)
m to compensate for the effect of the background current
on the output. Assuming Iy and I, are the current
feedback and output, respectively, and Iy, is the constant
average component of the feedback current, the following
incremental expression can be derived by considering the
introduction of error interference:

I, = I + Al (5)

m=my+ Am 6)
The output current is:

Iout = mlfb (7)

I

out

=m0-1fb70+m0'Alfb+Am'1fb+Am'AIfb (8)

Because the output current change caused by the feedback
current is zero and ignoring the higher-order terms
Am - Al it follows that

AIOut = m() . Alfb + Am . Iﬂ,) = 0 (9)

Obtaining the change in m through the transformation:

Am = ——- Al (10

This design is illustrated in Fig. 15. Referring to Eq. 10,
the modulation coefficient adjustment requires obtaining
the AC component of the harmonic output current, Al. A
digital high-pass filter is used to calculate the peak-to-peak
values of each harmonic’s parameter, Al , while a low-pass
filter calculates Iy, the average component of the feedback
current.

To meet the requirements for high-precision output cur-
rent and ensure future scalability and flexibility, FFT is
employed to determine the amplitude and phase of each
harmonic component up to the fifth-order harmonic. This
method can provide current feedforward for each harmonic
component.

The overall control scheme includes a 50 Hz harmonic
current compensation section and a PI closed-loop section
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for the 50 Hz harmonic current within the multi-harmonic
reference loop. As illustrated in Fig. 16, this approach gen-
erates antiphase harmonic currents and subtracts back-
ground currents.

To implement harmonic compensation, the amplitude
and phase information of the harmonic background
current induced by the magnet are pre-obtained using
the controller’s ADC board and FFT algorithm module.
The open-loop response is then calculated. The CORDIC
algorithm is incorporated to accelerate the iterative
computation of trigonometric functions with harmonic
compensation phase parameters. A new "Deduct
Background" submodule was developed to execute wave
superposition processing with phase reversal. This module
provides the reference input for the rear synthetic current
loop.

In the controller, a time-multiplexing and pipeline
scheme is employed for floating-point multiplication,
addition modules, and the CORDIC algorithm, among
other IP cores, to minimize resource utilization, such as
the controller’s BRAM and CLB.

4 Experimental verification
4.1 Current error measurement and comparison

In this study, online experiments were conducted in the RCS
to visually compare the improvements achieved by the new

current output and outdoor temperature variations (the
temperature sensor is far from the resonant units) was taken
as a comparison in this experiment. To demonstrate the
effectiveness of the proposed control scheme, two sets of
data showing significant temperature fluctuations in 2022
and 2023 are presented. These datasets correspond to a beam
power of 140 kW and employ various control strategies.

As shown in Figs. 17 and 18, the actual output current
is significantly affected by the outdoor temperature. After
implementing the proposed new control scheme, the experi-
mental results show a significant reduction in both the ampli-
tude and phase errors of the 50 Hz harmonic current, while
effectively suppressing the current temperature drift. Within
a temperature variation range of 13 °C, the error of the 50
Hz harmonic current amplitude is reduced to 132 mA, and
the phase error is reduced to 1.68°.

4.2 Improvement in horizontal orbital shifts
of the beam

To show the main contribution of 50 Hz output current error
to the beam trajectory horizontal displacement, another set
of past representative operational data of 100 kW is listed,
which has a large temperature difference, as shown in
Fig. 19. The data were detected by a Beam Position Meas-
urement (R4BPMOS5), which reflects the negative displace-
ment in the horizontal direction caused by temperature vari-
ations. Under open-loop control with the main disturbing
contribution, a 274 mA error in the 50 Hz harmonic current,
the beam trajectory experienced a horizontal displacement
change of approximately 4.78 mm. To ensure the generaliz-
ability of the experimental results, it was necessary to con-
sider the injection, extraction, and high-frequency accelera-
tion stages in the four arc segments. As shown in Fig. 20,
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Fig. 17 (Color online) The BPS output current with temperature under old control condition

the average horizontal trajectory displacement data from six
representative Beam Position Measurements (BPMs) scat-
tered throughout the RCS were collected during the first
millisecond of each acceleration cycle for one minute. Also
to ensure the consistency of the experiments as much as
possible, the experimental data presented in the follow all
come from after the RCS reached 140 kW, and the tempera-
ture difference, both before and after implementing the new
control, exceeds 10 °C. With the implementation of the new
control scheme, the disturbance in the beam trajectory dis-
placement is significantly reduced, as shown in Fig. 21a. The
data from these BPMs are summarized in Table.1. Except
for RIBPMO1, which was located in the initial straight sec-
tion and experienced anomalous data owing to other fac-
tors during the experiment, the results from the other BPMs
indicated that the new control scheme designed in this study

@ Springer

effectively suppressed the temperature drift in the horizontal
trajectory of the RCS.

4.3 Verification of the simulation model

In this subsection’s experiment, the new control scheme
reduces the influence of relevant interference factors to a
low level, which is a prerequisite for verifying the simulation
results.

By manually superimposing an amplitude of 280 mA
onto the 50 Hz reference value in the BPS, the quantitative
impact of changes in the 50 Hz current on the beam’s
horizontal orbital deviation can be intuitively observed.
In the second section, it was assumed that the 50 Hz
component was the sole contributor to orbital disturbance,
and the simulation process adhered to this assumption.
To verify the accuracy of the model in this experiment,



A FPGA-based high-order harmonic current control of resonant power supply system in... Page 110of 15 151

Temp (°C) Amp (4) Temp (°C) Phase (%) Amp (A)
Temperature 412227 Temperature 1-0.80  877.1
——— BPS DC FFT Amplitute ——— BPS 25Hz FFT Phase
—— BPS 25Hz FFT Amplitute
1-0-82 4877.0
H 126
AAmp=56mA y
1084 {8769
125
1-0.86
187658
AAmp=91mA
124 APhasc=0.014°
r T T T T r T T T T
2023/02:21 20230222 2023/0223 2023/02:24 20230225 20230221 202302122 202310223 202310224 202302025
Temp (°C) (a) Phase (°) Amp (A) Temp (°C) (b) Phase (%) Amp (A)
Temperature 120 450 Temperature 470
——— BPS 50Hz FFT Phase ——— BPS 75Hz FFT Phase
——— BPS 50Hz FFT Amplitute ——— BPS 75Hz FFT Amplitute
lig 140 dos 430
Has ]
16 6.0
H47 .
Amp132mA 1 AAMp=3TmA 155
H4s6
150
1 420
Has
das
10
Phase1.68° 14 APhase=0.53° H40
r T T T T > r T T T T >
20230221 20230222 2023/02:23 2023/0224 202302225 202310221 202302122 202310223 202310224 202302125
Temp (°C) (c) Phase (°)  Amp (A) Temp (°C) (d) Phase (°)  Amp (A)
Temperature -8 Temperature ~078
——— BPS 100Hz FFT Phase 14 ——— BPS 125Hz FFT Phase 14
——— BPS 100Hz FFT Amplitute 1, ——— BPS 125Hz FFT Amplitute
Ho6
H14 83
6
| Ho
) 1.40 IR
1
1138 o Hom
1a 12
Amp=20mA 1136
1 1y Hon
i bl A L j y A | 134
5 AAmp=29mA 16 Ho6s
ERES!
1 .
D A R PP
H130
APhase=1.4° 1o APhase=1.6°
r T T T T r T T T T
2023/02:21 20230222 2023/02:23 2023/02:24 202302225 202310221 202302122 202310223 202310224 202302125

(e) ®

Fig. 18 (Color online) The BPS output current with temperature under the new control condition
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Fig. 19 (Color online) Impact on the 50 Hz current and horizontal orbit after the large temperature disturbance in 100 kW. a 50 Hz current
parameter versus temperature; b horizontal orbit versus temperature
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the assumption was temporarily maintained. During the
experiment, other frequency parameters of the reference
waveform remained unchanged, with adjustments made
only to the 50 Hz reference. Under operating conditions
of 140 kW, the average horizontal trajectory displacement
was calculated. Using experimental data from the RCS,
where the 50 Hz current served as the independent variable
and the horizontal orbit as the dependent variable, a linear
fit was performed. This equation was then used to calculate
orbit variations resulting from current errors and compared
with the simulation results.

Measurements were taken at the 50 Hz reference
harmonic current setpoint of 4.59 A, along with two
additional experimental current points of 4.31 A and
4.87 A (4.59 A £+ 280 mA). The results are presented in
Table. 2, where x represents the 50 Hz harmonic current,
and y represents the horizontal trajectory displacement in
the RCS. A current error (Ax) of 280 mA was substituted
into the fitting equation to calculate the relative trajectory
displacement (Ay) using the expression Ay = k - Ax.

Based on the “Relative Error” column in the table,
which represents the relative error between the simulated
horizontal trajectory displacement results from the
CSNS Lattice model and the actual horizontal trajectory
displacement in the RCS, some differences were
observed. These differences are attributed to performance
variations in the BPMs and other internal factors within

@ Springer

s Interlock
GPPD PowerOff

MPI Not Installed

the accelerator. However, the remaining results indicate
that the model aligns well with experimental expectations,
confirming that the 50 Hz harmonic is the primary
contributor to interference. This model provides a reliable
reference for follow-up studies.

5 Conclusion

The new scheme proposed in this study overcomes the
dynamic inductive characteristics and temperature drift of
the load, effectively addressing the error issue. By reducing
the output error of the 50 Hz harmonic current by 50%, the
performance of the resonant power supplies is significantly
enhanced. This improvement results in a more stable horizon-
tal beam orbit in the RCS, reducing the deviation by at least
19.8%.

Furthermore, the proposed control scheme can be extended
to higher-order harmonics, enabling precise control up to the
fifth order while optimizing resource usage. The accuracy of
the simulation model was successfully verified. This study
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Fig.21 Comparison of beam trajectory

horizontal offset under dif-

ferent control strategies (The data are extracted from the operational

database of 2022 and 2023. The offset

anomalies in the graph are

(b)

due to machine faults occurring during accelerator operation. These
anomalies can be ignored for this study.) a new control; b old control
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Table 1 Statistics of Beams Horizontal Position Variation Value

50 Hz current control R1BPMO1 (mm)

R1BPMO04 (mm) R2BPMO08 (mm)

R2BPM09 (mm) R4BPMO05 (mm) R4BPMO09 (mm)

Open loop 2.33 3.18

Close loop 3.79 2.55

Performance Located in straight 19.80%
Improvement section

3.51
2.25
35.80%

4.62 4.78 3.39
2.53 3.16 2.12
45.20% 33.80% 37.40%

Table 2 Comparison of

¢ . BPM Name Fit expression (current- R2 Calculation results Simulation results Relative

mmulgtlon model and RCS horizontal deviation) with 0.28A (mm) from MadX (mm) error

experiment results (%)
R1BPM04 y = —6.6823x + 33.227 0.99 —1.87 —1.24 33.6
R2BPMO08 y=-6.2035x+23.934  0.97 - 1.74 —1.58 9.2
R2BPM09 y = —4.7699x + 24.648 0.98 —1.34 —1.24 7.5
R4BPMO05 y=-7.0944x +27.606  0.99 - 1.99 —1.58 20.6
R4BPM09 = —4.6625x + 35.663 0.98 - 131 —1.24 53

establishes a versatile power supply control methodology for
future RCS upgrades.
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