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Abstract
To meet the frequency tuning requirements of superconducting cavities in su-
perconducting linear accelerators, the Institute of Modern Physics, Chinese
Academy of Sciences has designed and developed a helium pressure tuning con-
troller that achieves stable superconducting cavity frequency through real-time
monitoring of helium gas pressure and motor position, enabling precise con-
trol of fast-pulse solenoid valves. The research focuses on the nonlinearity and
delay issues inherent in helium pressure regulation. Traditional control meth-
ods are inadequate for meeting the high-precision and rapid-response demands
of superconducting cavity tuners. Consequently, an optimized solution is pro-
posed: employing adaptive algorithms to dynamically adjust control parameters
to address nonlinear characteristics, while integrating Smith predictive control
to compensate for system delays and enhance response speed. Experimental
results demonstrate that this approach significantly improves the closed-loop
control accuracy, robustness, and dynamic performance of superconducting cav-
ity frequency tuning, satisfying the stringent requirements for superconducting
cavity frequency synchronization in superconducting linear accelerators, thereby
providing an efficient solution for superconducting cavity tuning.
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Abstract

To address the frequency tuning requirements of superconducting cavities in
linear accelerators, the Institute of Modern Physics, Chinese Academy of Sci-
ences, has developed a helium pressure tuning controller that achieves frequency
stability through precise control of fast-pulse solenoid valves based on real-time
monitoring of helium pressure and motor position. The study focuses on the non-
linearities and time delays inherent in helium pressure regulation, which pose
significant challenges for conventional control methods in meeting the strin-
gent demands for high precision and rapid response in superconducting cavity
tuners. We propose an optimized solution that employs an adaptive algorithm
to dynamically adjust control parameters for handling nonlinear characteristics,
combined with Smith predictor control to compensate for system delays and
enhance response speed. Experimental results demonstrate that this approach
substantially improves the closed-loop control accuracy, robustness, and dy-
namic performance of superconducting cavity frequency tuning, satisfying the
rigorous synchronization requirements for superconducting cavity frequencies in
linear accelerators and providing an efficient solution for cavity tuning.
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Accelerator Driven Subcritical Systems (ADS) represent a cutting-edge tech-
nology for nuclear waste transmutation via hard neutron spectra. High-power
proton beams in these systems are produced by linear accelerators utilizing su-
perconducting acceleration technology, with superconducting cavities serving
as the core components [1]. The extremely narrow bandwidth of superconduct-
ing cavities necessitates strict synchronization between their operating frequency
and the accelerator reference frequency. However, operational disturbances such
as helium pressure fluctuations, Lorentz force detuning, and microphonic effects
can induce cavity frequency offsets, directly compromising stable operation [2].
Consequently, real-time frequency control by tuners is essential for ensuring
superconducting cavity system stability.
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To enhance the mechanical stability of superconducting cavities, the Institute of
Modern Physics, Chinese Academy of Sciences, has developed a half-wave res-
onator (HWR) copper-niobium composite superconducting cavity operating at
162.5 MHz in a 4.2 K liquid helium environment [3]. However, copper-niobium
composite cavities exhibit greater stiffness than pure niobium cavities, rendering
the original scissor-type tuner ineffective at deforming the cavity. Consequently,
a pneumatic tuner is now employed, which adjusts the cavity geometry by reg-
ulating internal helium pressure to achieve frequency tuning. This approach
offers significant advantages over traditional slow mechanical tuners, includ-
ing zero backlash, vibration-free operation, and structural simplicity, making
it a highly promising tuning method for superconducting cavities. Neverthe-
less, pneumatic tuners face multiple challenges in practical applications. First,
helium pressure regulation exhibits pronounced nonlinear characteristics, with
varying response across different pressure ranges [4]. Second, the mechanical sys-
tem’s dynamic response involves substantial time delays, creating significant
difficulties for high-frequency real-time control. Additionally, various environ-
mental disturbances necessitate a control system with both high precision and
rapid response capabilities.

To address these challenges, this paper proposes an optimized solution: em-
ploying an adaptive algorithm to dynamically adjust proportional-integral (PI)
parameters for handling nonlinearities, combined with Smith predictor control
to compensate for system delays and improve response speed. Experimental re-
sults demonstrate that this scheme significantly enhances superconducting cav-
ity frequency closed-loop precision and system robustness, providing an efficient
solution for frequency synchronization in high-intensity accelerators.

1 Helium Pressure Tuner Mechanical Composition and
Characteristics
The Institute of Modern Physics, Chinese Academy of Sciences, has designed
a novel helium pressure tuner for HWR copper-niobium composite supercon-
ducting cavities. The tuner adjusts bellows deformation by regulating helium
pressure, which is then transmitted to a tuning plate via steel cables to modify
cavity geometry and achieve frequency tuning. This design offers advantages
such as zero backlash and structural simplicity, making it suitable for high-
precision frequency control.

[Figure 1: see original paper] Superconducting cavity tuner mechanical structure
3D model.

Tuner requirement parameter list HWR010 frequency sensitivity tuner stiffness
cavity sensitivity tuning frequency range kHz/kN kN/mm kHz/mm MPa/mm
tuning maximum stress.

Additionally, the Facility for Rare Isotope Beams (FRIB) laboratory has de-
signed a similar helium pressure tuner [5]. Their scheme employs a proportional
solenoid valve for coarse pressure adjustment, followed by fine pressure tuning
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via a stepper motor to stabilize frequency. Although this approach improves
tuning control precision to some extent, further optimization of response time
under high-disturbance conditions is still needed.

The nonlinear characteristics of superconducting cavity helium pressure tuning
systems represent both a distinctive feature and a control challenge. This study
tested the pressure regulation frequency characteristics of HWR copper-niobium
composite superconducting cavities. [Figure 2: see original paper] demonstrates
the nonlinear relationship between helium pressure tuner gas path pressure and
cavity frequency variation, along with the impact of system delay on frequency
regulation. These factors pose considerable challenges for stable control of su-
perconducting cavity frequency.

[Figure 2: see original paper] Helium pressure tuner nonlinearity test.

2.1 Control Scheme Design

[Figure 3: see original paper] presents the overall control scheme design for the
helium pressure tuner. The Low-Level Radio Frequency (LLRF) control system
measures the superconducting cavity frequency in real time, issuing control com-
mands to the tuner driver to adjust the pulse solenoid valve status in the helium
pressure tuner gas circuit and control the closed-loop stepper motor position,
thereby achieving precise regulation of helium pressure. The tuner utilizes bel-
lows deformation to alter cavity geometry, thus stabilizing the superconducting
cavity frequency.

LLRF constitutes the core of superconducting cavity control, with key param-
eters listed in . The LLRF system is used to stabilize the resonant frequency,
amplitude, and phase of high-frequency cavities [6]. The LLRF system at the In-
stitute of Modern Physics, Chinese Academy of Sciences (IMPCAS) employs an
all-digital quadrature demodulation architecture, supporting multiple frequency
points at 162.5 MHz, 325 MHz, and 650 MHz [7,8].

The helium pressure tuner control system monitors cavity frequency detuning in
real time by measuring the phase difference between forward and reflected radio
frequency (RF) signals via LLRF, using the phase detuning angle as a feedback
signal. The target deadband range is set from -5° to 5°. The system employs
closed-loop feedback control to regulate the helium pressure tuner, changing
helium pressure in the bellows: increased pressure lowers cavity frequency, while
decreased pressure raises it.

LLRF key technical parameters
- Frequency: 162.5 MHz
- Architecture: Quadrature demodulation, all-digital closed-loop feedback
- ADC resolution: 16 bits
- Sampling rate: 250 MS/s
- Phase resolution: $�$0.05°
- Latency: <1.5 �s
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This scheme combines coarse adjustment (solenoid valve) and fine adjustment
(stepper motor) to achieve a balance between rapid response and high-precision
control. This design significantly enhances system robustness and dynamic per-
formance, offering substantial practical application value.

2.2 PI Control Scheme

PID control regulates error through proportional (P), integral (I), and derivative
(D) terms to achieve stable system control [9]. However, in superconducting
cavity tuning systems, the derivative term (D) may amplify system noise due
to the high sensitivity and complex dynamic characteristics of superconducting
cavities, leading to control instability. Therefore, this paper adopts a PI control
scheme to balance system stability and response speed.

The PI controller output u(t) consists of proportional and integral terms, with
the mathematical expression as follows: K e t, where e(t) represents the error
between the phase detuning angle and the target value; Kp is the proportional
gain for rapid error response; Ki is the integral gain for eliminating steady-state
error.

In the helium pressure tuning system, PI control adjusts the solenoid valve
opening in real time based on phase detuning angle error to regulate helium
pressure. Specifically, the proportional term Kp enables rapid response to error
changes, while the integral term Ki eliminates steady-state error by accumu-
lating historical error values, ensuring long-term stability of superconducting
cavity frequency. In experiments, PI control parameters Kp and Ki are op-
timized through scanning tests, with specific parameter selection and results
detailed in Section 3.3.

Compared with full PID control, the PI control scheme avoids noise amplifica-
tion from the derivative term, making it more suitable for high-precision, low-
noise superconducting cavity tuning control scenarios. This design enhances
system robustness and stability while maintaining control precision.

2.3 Adaptive PI Control

In superconducting cavity helium pressure tuning systems, helium pressure reg-
ulation exhibits significant nonlinear characteristics, making it difficult for tra-
ditional PI control methods to maintain optimal performance across different
operating points. To address this issue, this paper proposes an adaptive PI
control scheme that introduces Fuzzy Logic Control (FLC) to dynamically ad-
just PI controller parameters, adapting to system nonlinearities and thereby
improving control precision and response speed [10].

The core of the adaptive PI controller lies in real-time adjustment of proportional
gain Kp and integral gain Ki based on system error e(t) and error change rate
Δe(t). The implementation proceeds as follows: first, error e(t) and error change
rate Δe(t) are mapped into fuzzy sets as fuzzy variables; next, fuzzy inference
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rules are designed based on experience and system characteristics to determine
Kp and Ki adjustment strategies; finally, fuzzy inference results are converted
into specific Kp and Ki values and applied to the PI controller.

In superconducting cavity tuning systems, the adaptive PI controller demon-
strates several advantages: (1) Nonlinear adaptability: through fuzzy logic, the
controller can dynamically adjust parameters based on error magnitude and
trend. For example, increasing Kp when errors are large to accelerate response,
while decreasing Kp and increasing Ki when errors are small to eliminate steady-
state error and reduce oscillation and overshoot. (2) Dynamic response: real-
time parameter adjustment maintains optimal response characteristics across
different operational phases, enhancing tuning efficiency.

Experiments show that adaptive PI control significantly optimizes control per-
formance through piecewise parameter adjustment. Specifically: during initial
tuning stages, rapid response capability shortens adjustment time; when ap-
proaching target frequency, reduced adjustment amplitude decreases overshoot;
compared with traditional fixed-parameter PI control, the adaptive PI controller
exhibits stronger stability and anti-interference capability during long-term op-
eration (detailed data in Section 3.4).

By combining fuzzy logic with PI control, the adaptive PI control scheme can
effectively address the nonlinear characteristics of helium pressure in supercon-
ducting cavity tuning systems, improving overall system control performance.
This method provides a valuable reference for similar nonlinear control scenar-
ios.

2.3 Smith Predictor Combined with PI Control

The superconducting cavity helium pressure tuning system is used to precisely
control cavity resonant frequency, with the key being helium pressure control.
However, the mechanical system of the helium pressure tuner exhibits signifi-
cant time delays (approximately 18.5 ms), causing traditional PI controllers to
perform poorly in control precision and response speed. To overcome this chal-
lenge, this paper proposes combining Smith Predictor Control with PI control
to compensate for system delays and improve overall performance [11].

Smith predictor control is an optimization method for time-delay systems that
uses a predictive model to estimate future system outputs, thereby counteracting
delay effects [12]. Its core principles include: (1) System modeling: based on
system dynamic characteristics, establish a delay-free transfer function model
GB(s) and accurately identify the actual system delay time t (t = 18.5 ms in
this system). (2) Prediction mechanism: the Smith predictor uses the delay-
free model GB(s) to predict system output after delay time t. By applying
the controller output signal to the system t time units in advance, the lag effect
caused by delay is effectively compensated. (3) The closed-loop transfer function
can be expressed as:
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where D(s) is the PI controller transfer function, GB(s) is the delay-free model,
and e^(-ts) represents the delay term. Through this design, the delay term is
moved outside the closed-loop control loop, no longer directly affecting system
stability [13].

In the superconducting cavity helium pressure tuning system, the combined
application of Smith predictor control and PI control includes the following
steps: first, introduce the Smith predictor into the control system based on
the measured delay time of 18.5 ms, using the predictive model to calculate
system response in advance and eliminate delay effects. Then, the PI controller
dynamically adjusts the solenoid valve opening based on the prediction error
signal provided by the Smith predictor, thereby achieving precise control of
helium pressure. Experimental results show that after adopting Smith predictor
combined with PI control, the system can adjust the phase detuning angle from
35° to the target deadband range (-5° to 5°) in only 8.3 seconds. In contrast,
traditional adaptive PI control requires 13 seconds, representing a reduction in
adjustment time of approximately 36.2% (detailed in Section 3.5).

Smith predictor control significantly improves the response speed and control
precision of superconducting cavity tuning systems by effectively compensating
for system delays. Compared with traditional PI control, this method demon-
strates superior performance in handling time-delay systems, providing an effi-
cient and reliable solution for high-precision pressure regulation. The successful
application of this method validates its practical value in complex industrial
control scenarios.

3.1 Horizontal Test Bench Setup

As shown in [Figure 4: see original paper], the horizontal test platform is a com-
prehensive experimental system integrating a radio frequency superconducting
cavity, cryostat, power coupler, frequency tuner, and vacuum and cryogenic
equipment. Its primary purpose is to evaluate tuner performance and supercon-
ducting cavity operating characteristics by applying high-frequency electromag-
netic fields to the RF superconducting cavity in the superconducting state and
performing frequency tuning.

[Figure 4: see original paper] Test platform 3D diagram (left) and site photo
(right). During testing, the superconducting cavity is placed in a cryostat and
cooled to 4 K to achieve superconductivity. High-frequency power is then intro-
duced through a capacitive coupler to establish an electromagnetic field. The
tuner uses helium-driven actuation to adjust cavity frequency, and by measur-
ing the deviation between resonant frequency and theoretical values, the tuner’
s tuning range, precision, and superconducting cavity operational performance
are verified.
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3.2 Frequency Closed-Loop Testing

To evaluate the closed-loop control performance of the helium pressure tuning
system, this experiment employs the superconducting cavity frequency detun-
ing angle as a feedback signal to test frequency regulation capability under
various operating conditions. The objective is to maintain the phase detuning
angle within the deadband range (-5° to 5°) to ensure superconducting cavity
frequency stability. Test results are shown in [Figure 5: see original paper].

[Figure 5: see original paper] On/Off control closed-loop test. The control
system regulates helium pressure in real time based on phase detuning angle
changes, with the following specific strategy: when the phase detuning angle
exceeds 5°, the intake valve is closed and the exhaust valve opened to reduce
helium pressure and increase frequency; when the phase detuning angle falls
below -5°, the exhaust valve is closed and the intake valve opened to increase
helium pressure and decrease frequency; when the phase detuning angle enters
the deadband range, valve adjustment stops and fine-tuning is performed by the
stepper motor.

In the experiment, On/Off logic control is adopted for frequency regulation.
Results show that the system can gradually adjust cavity frequency to the tar-
get range, but significant overshoot occurs during regulation, with maximum
overshoot amplitude of approximately 33.6°. When approaching the target fre-
quency, noticeable frequency fluctuations occur and rapid stabilization is not
achieved, indicating insufficient dynamic performance.

[Figure 5: see original paper] illustrates the phase detuning angle variation
curve in the frequency closed-loop test. Test results demonstrate that On/Off
logic control has limitations in regulation speed and precision, necessitating the
introduction of optimized algorithms such as PI control in subsequent work to
improve system stability and regulation performance.

3.3 PI Control Testing

To optimize the closed-loop performance of the superconducting cavity helium
pressure tuning system, this experiment tested PI control effectiveness and deter-
mined optimal control parameters through parameter scanning. Experimental
results are shown in [Figure 6: see original paper] and [Figure 7: see original
paper].

The experiment initially manually adjusted the phase detuning angle to -80°,
then activated the PI control program with the goal of regulating the phase
detuning angle to the deadband range (-5° to 5°). The PI controller adjusts
solenoid valve opening in real time based on error e(t) to control helium pressure.
Parameter scanning tests recorded regulation effects under different Kp and Ki
combinations, with specific data provided in .

[Figure 6: see original paper] PI control closed-loop test. [Figure 7: see original
paper] PI control parameter scanning test. PI control parameter scanning phase
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detuning angle.

[Figure 6: see original paper] shows that compared with On/Off logic control, PI
control significantly reduces overshoot, smoothly adjusting the phase detuning
angle from -80° to the deadband range with overshoot less than 5°, markedly
improving closed-loop stability. [Figure 7: see original paper] and present pa-
rameter scanning results, indicating that most parameter combinations exhibit
some overshoot and deviate significantly from the deadband range. When Kp
= 0.7 and Ki = 0.0012, the system performs optimally, with the phase detun-
ing angle entering the deadband range first (final value of 1.86°) and a smooth
regulation process consistent with design expectations.

3.4 Adaptive PI Control Testing

To further enhance the superconducting cavity helium pressure tuning system’
s adaptability to nonlinear characteristics, this experiment tested adaptive PI
control performance. Experimental results are shown in [Figure 8: see original
paper]. The experiment lasted 30 minutes, initially manually adjusting the
phase detuning angle to -40°, then activating adaptive PI control. The adaptive
algorithm dynamically adjusts Kp and Ki based on error e(t) and error change
rate Δe(t) through fuzzy logic: initial stage—when error is large, larger Kp and
moderate Ki are used to rapidly reduce phase detuning; intermediate stage—
when error decreases, parameters switch to medium values to slow adjustment
speed; approaching target—smaller Kp and larger Ki are used for fine-tuning to
avoid overshoot. The goal is to stabilize the phase detuning angle within the
deadband range (-5° to 5°).

[Figure 8: see original paper] illustrates the adaptive PI control regulation pro-
cess: (1) Rapid response: during the initial stage, the phase detuning angle
quickly approaches the target from -40° in approximately 13 seconds, outper-
forming fixed-parameter PI control; (2) Stability: after entering the deadband,
the system maintains stability for 30 minutes, and despite helium pressure fluctu-
ation disturbances, the control system adjusts promptly to keep the phase within
the deadband range; (3) Oscillation issues: multiple oscillations occur during
regulation, especially when approaching the target, with oscillation amplitude
of approximately $±$3°, indicating that anti-interference capability needs opti-
mization.

Delay tests show that system delay has some influence on oscillation phenomena.
Adaptive PI control demonstrates superior performance compared with tradi-
tional PI control in terms of rapid response and long-term stability, particularly
for nonlinear operating conditions. However, the oscillation issue suggests that
further optimization of delay compensation strategies is needed.

[Figure 8: see original paper] Adaptive algorithm combined with PID control
closed-loop test for half an hour.
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3.5 Smith Predictor PI Control Testing

To address delay issues in the superconducting cavity helium pressure tuning
system, this experiment tested Smith predictor combined with PI control perfor-
mance. Experimental results are shown in [Figure 9: see original paper]. Based
on the previously measured system delay time (18.5 ms), the Smith predictor
delay constant is set to 0.0185 s in the control program. The test initially man-
ually adjusted the phase detuning angle to 35°, with the goal of regulating the
phase to the deadband range (-5° to 5°). The Smith predictor adjusts the PI
controller output signal in advance by predicting future system output, driving
the solenoid valve to regulate helium pressure.

[Figure 9: see original paper] illustrates the Smith predictor combined with PI
control regulation process: (1) Regulation speed: the system stabilizes the phase
detuning angle from 35° to the deadband range in two adjustments (totaling ap-
proximately 8.3 seconds), representing a reduction of about 36.2% compared
with adaptive PI control (13 seconds); (2) Stability: after entering the dead-
band, the phase detuning angle can be maintained within the target range for
extended periods (fluctuation amplitude less than $±$2°) without significant
overshoot, demonstrating good closed-loop stability; (3) Delay compensation
effect: the Smith predictor effectively counteracts system delay effects, making
control responses more timely.

Additionally, during the test process shown in [Figure 9: see original paper], both
superconducting cavity amplitude and phase are simultaneously closed-loop and
maintained stable for long durations. Compared with traditional PI control and
adaptive PI control, Smith predictor combined with PI control shows significant
improvements in both response speed and precision, particularly exhibiting the
best performance in handling time-delay systems. This result validates the
applicability of the Smith predictor in superconducting cavity tuning. Smith
predictor combined with PI control significantly improves system dynamic per-
formance and stability, representing the optimal control scheme among those
tested.

[Figure 9: see original paper] Smith predictor combined with PID control closed-
loop test.

4 Summary and Outlook
For superconducting cavity helium pressure tuners, this study has developed
an efficient control scheme that achieves closed-loop stable regulation of copper-
niobium composite superconducting cavity frequency through direct control of
fast-pulse solenoid valves, combined with adaptive algorithms and Smith predic-
tor control to optimize the PI controller. Experiments demonstrate that Smith
predictor combined with PI control substantially reduces superconducting cav-
ity frequency closed-loop regulation time, significantly outperforming both tra-
ditional PI control and adaptive PI control. This scheme effectively improves
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system dynamic performance and robustness, meeting the stringent frequency
synchronization requirements of high-intensity accelerators.

This research provides new insights for frequency tuning of copper-niobium
composite superconducting cavities and validates the feasibility of pulse-width
modulation (PWM) solenoid valve control and novel LLRF control algorithms.
Compared with the helium pressure tuner control scheme at the FRIB labo-
ratory, this system achieves high-precision control without requiring stepper
motor fine-tuning, simplifying the structure and reducing delays, thus provid-
ing an important reference for the design of high-performance accelerators such
as ADS.
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