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Abstract. The paper addresses the problem of improving the amplitude and phase
stabilization accuracy of the high-frequency field in low-level radio frequency (LLRF) control
systems for charged particle accelerators. It is shown that low-frequency disturbances caused
by power supply ripple, thermal drifts, and load variations are the dominant sources of stability
degradation. It is demonstrated that the classical PID controller structure is fundamentally
limited in suppressing such disturbances due to the trade-off between low-frequency gain and
stability margins. A modified controller structure with a second-order integral component is
proposed. The proposed approach increases the system astatism order and provides -40
dB/decade slope of the amplitude response in the low-frequency region, resulting in
significantly enhanced suppression of quasi-static and slowly varying disturbances.
A mathematical model of the control system is developed to capture the essential dynamic
behavior of the RF chain. In addition, a nonlinear control strategy is introduced based on
delayed activation of the second-order integral component, which prevents an increase in the
transient duration while preserving disturbance rejection performance. Simulation and
experimental results demonstrate that the proposed controller achieves more than 20 dB
improvement in dynamic range and amplitude stability compared to typical modern systems,
along with at least a tenfold reduction in phase root-mean-square deviation. These results
confirm that introducing a second-order integral component into the controller structure is an
effective method for enhancing RF signal stabilization accuracy while maintaining system
stability and robustness.

Keywords: RF signal stabilization, LLRF system, RF path, FPGA, low-frequency
disturbance suppression, cyclotron RF system.

1. Introduction. Stabilization of high-frequency (RF) field parameters
is a critical task for improving the performance of many modern systems in
which it is applied. In accelerator technology intended for physical
experiments, this task is performed by a Low-Level Radio Frequency (LLRF)
system, which generates the RF signal and stabilizes its amplitude and phase
directly at the electrodes of the accelerating structure [1 — 8]. In cyclotrons,
beam acceleration occurs between the dee (anode) and the anti-dee (cathode).

At present, the amplitude stability of such systems is approximately
80-86 dB (with a root-mean-square (RMS) deviation of about 0.01-0.005 dB),
RMS deviation of the initial phase o, ranges from 0.01 to 0.1 degrees due to
the use of digital technologies based on field-programmable gate arrays
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(FPGAs). This performance reduces the intensity losses of the accelerated ion
beam by several times compared to systems without stabilization [9].

The requirements for the accelerated ion beam current are
continuously increasing; consequently, the losses caused by insufficient RF
field stability are also increasing. Therefore, it is necessary to synthesize a
system with a higher-quality controller without a significant increase in
control loop complexity.

Hereinafter, the term “RF field” is partially replaced by “RF signal”
(or simply “signal”), which denotes the high-frequency electromagnetic field
in the accelerating resonator represented in the form of a complex envelope
suitable for digital signal processing. This substitution is introduced because
the term “RF field” is not applicable to all components of the control system
(e.g., the digital generator and other digital processing elements).

2. Description of the RF Loop. The control system shown in Figure 1
is somewhat simplified. It includes the following functional elements:

1. Reference signal generator (RF Actuator);

2. Vacuum tube power amplifier with its own resonant circuit
(RF Amplifier);

3. Resonant circuit of the accelerating structure (Cavity);

4. REF signal transmission and processing path introducing a pure
time delay (Delay);

5. Complex envelope detector (RF Detector) in the feedback path;

6. RF Controller.

setpoint RF | RF
Controller IRP RS | Amplifier
y

LLRF system

RF Detector «——— Delay 4—/

Fig. 1. Functional diagram of the main RF field stabilization loop
of the ion accelerator

Cavity

b

The entire LLRF system is clocked from a common reference clock
generator. Thus, all sinusoidal signal generators and local oscillators are
synchronized with each other. The RF actuator generates a sinusoidal signal

V(¢) with a specified amplitude A4, carrier angular frequency f,. and
initial phase @ :
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V(t)=Acos(2nx [t +¢), (D)

where ¢ is time.

The RF field is the plant whose parameters must be maintained with
maximum stability directly at the electrodes of the resonant system by
means of a closed-loop automatic control system. The feedback path
includes a delay and an RF detector that extracts the complex envelope of
the signal. Depending on the selected stabilization method, the complex
envelope may be further converted into amplitude and phase [10, 11].
Subsequently, through negative feedback, the controller generates a control
action aimed at minimizing the error.

3. Problem Analysis. Consider the RF field at the electrode of the
accelerating structure of a cyclotron. The frequency stability is directly
determined by the stability of the reference clock generator of the digital
part of the system. The amplitude and initial phase of the signal may be
subject to distortions and are therefore treated as time-dependent functions.
Since the carrier frequency of the signal remains constant, it is appropriate
to analyze disturbances in terms of the complex envelope of the signal,
which is described as follows:

Vip(t) = A(t) x[ cos (@(0)) + jsin(o(1)) ], )
where the real part (in-phase component):
A(r)yxcos(o(r)) = 1(1), 3)

and the imaginary part (quadrature component):
A(t)xsin((1)) = 0(1) . 4)

In this case, the carrier frequency of the signal is not relevant. Part of the
system is implemented in the digital domain; therefore, it is assumed that
the second harmonic of the carrier frequency is less than half of the system
sampling frequency (i.e., no aliasing occurs).
Low-frequency fluctuations arise due to the following reasons:

1. Temperature drift of the R, L, and C parameters of the resonant
circuit causes a drift of the resonant frequency. As a result, amplitude and
initial phase drift occur;
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2. Non-ideal power supply of the vacuum tube amplifier, which

introduces disturbances at the angular mains frequency o (50, 60 Hz) and
its harmonics (amplitude modulation);
3. Temperature drift of the parameters of the path from the digital to
analog converter to the electrode, causing amplitude and phase distortions.
Analysis of the sources of instability shows that the dominant
contribution to the degradation of amplitude and phase stability (or stability of
the complex envelope) is due to disturbances at the mains frequency and its
harmonics in the vacuum tube amplifier. Instability of the power supply of the
power amplifier leads to periodic fluctuations of the anode (or collector)

voltage AV, (¢), which can be represented as a harmonic series:

AVp(t):iVn cos(nx @, +Vy,), (5)

n=l1

where n is the harmonic number (a positive integer), V, is the amplitude of

the n-th harmonic, and \,, is the initial phase of each n-th harmonic of the

ripple (determined by phase shifts in the rectifier, filters, and load).

In real power supplies, the distribution of fluctuations is determined
by the type of rectifier and filter. The most pronounced disturbances occur
at the following harmonics:

e the fundamental mains harmonic;

e the second harmonic, which is most pronounced in full-wave
rectification systems and typically dominates;

e the third harmonic, which arises due to load nonlinearity and
circuit asymmetry.

In practical systems, the second harmonic of the mains is most often
the dominant component determining the spurious-free dynamic range
(SFDR) of the RF field, which can decrease to 20 dB. Such fluctuations are
practically not suppressed by the resonator itself and, therefore, require
effective compensation by means of the automatic control system.

4. Controller Synthesis Criteria. For the synthesis of an automatic
control system, it is necessary to formulate criteria that define the
performance requirements. In a number of studies, the main performance
indicators are the maximization of the signal-to-noise ratio (SNR), which
determines the quality of amplitude stabilization, and the minimization of
the signal g,. However, in practical control systems, robustness is also an
important requirement.
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Robustness ensures the preservation of stability and the required
control performance over the entire permissible range of variations in the
RF system parameters. With sufficient controller robustness, additional
parameter optimization may not be required.

Thus, the main controller synthesis criteria are:

1. SNR above 100 dB and o, less than 0.001 degrees;

2. Robustness;

3. Capability for rigorous analytical analysis of the control system.

The controller must ensure stability and acceptable control
performance over the entire range of permissible variations of the plant
parameters. Such variations include:

e variation of the quality factor of the amplifier resonator or the
accelerating structure resonator when the load is removed from the output
of the resonant circuit, where the load is the ion beam,;

e variation of the power amplifier gain;

e variation of the delay in the path (e.g., due to changes in cable
length after maintenance).

The number of controller synthesis criteria in real control systems is
significantly greater than the set of formalized performance metrics used in
design. In addition to energy characteristics, statistical measures of instability,
stability margins, and robustness, constraints on response speed, parametric
uncertainty, computational resources, and delays associated with digital
implementation are also taken into account. The specific set of criteria is
determined by the adopted plant model and the problem formulation.

Achieving the best values of the selected criteria does not constitute
proof of global optimality of the controller, since it always depends on the
employed model, constraints, the class of admissible structures, and the
nature of disturbances. Therefore, the synthesized controller can be
regarded as pseudo-optimal — optimal within the adopted model, selected
criteria, and the considered class of control structures.

5. Controller Model Synthesis. To suppress drift and other
disturbances in the system, a proportional-integral (PI) controller is most
commonly used [12-20]. The PI controller belongs to the class of linear
controllers and is widely used due to its high efficiency, the possibility of
rigorous analytical analysis of stability and dynamic properties, as well as
the relative simplicity of hardware and software implementation. Its transfer
function is given as follows:

K,
Cop(s)=K,+—+K,; xs, (6)
s
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where K p is the proportional gain, K, is the integral gain, K, is the
derivative gain, and § is the Laplace transform variable.

Typically, the settling time of such systems lies in the range of 20
to 100 microseconds, which is significantly shorter than the period of a
single mains harmonic. However, even in the case of superconducting
resonators [1, 8], where the settling time can reach 25 milliseconds,
suppression of mains harmonics remains insignificant. Thus, the
disturbance occurs at sufficiently low frequencies; therefore, the
contribution of the derivative term is negligible, although it may be used
to increase the stability margin of the system.

Increasing the integral gain K, leads to a shift of the open-loop

magnitude response in the low-frequency region without changing its
slope. However, in the presence of pure delay and inertial elements of the
plant, an increase in low-frequency gain is inevitably accompanied by a
reduction in phase margin. In the limiting case, this results in oscillatory
behavior or loss of stability. Therefore, the classical PID controller
structure has a fundamental limitation: it allows an increase in the
suppression of low-frequency disturbances only within the bounds
permitted by stability requirements.

From the viewpoint of the sensitivity magnitude response, the slope
of the integral term is -20 dB per decade, and the gain does not change this

slope but shifts it by a value of 20log,,(K;). To improve the suppression

of low-frequency disturbances, it is necessary to increase the steepness of
the sensitivity function roll-off toward lower frequencies.

One possible solution is to introduce an additional second-order
integral term. In this case, the controller model can be represented as follows:

K K
C(s)=K,+—-+—2+K,xs. (7)
N N

In the low-frequency region, when the second-order integral term
dominates, the slope of the magnitude response increases to -40 dB per
decade. Accordingly, the sensitivity function of the closed-loop system
S(s) decreases faster as @ — 0, which ensures more effective suppression
of quasi-static and slowly varying disturbances. Hereinafter, this controller
is denoted as PII*D.

The block diagram of this controller becomes only slightly more
complex compared to the classical PID from the standpoint of hardware
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implementation, since it is sufficient to integrate the output of the first-order
integral term, as shown in Figure 2.

Aset e(n)

Apeas(n) K,
NN
o %

Fig. 2. Block diagram of an example digital implementation of the PII?D controller

ﬁ_

If the multiplication by the gain K, is performed before error
accumulation, which is appropriate from the standpoint of FPGA resource
utilization, then K, should be scaled inversely proportional to K;.In

digital implementation, it is necessary to account for nonlinear constraints
associated with saturation of the control signal and the integral terms in
order to prevent numerical overflow. These constraints affect the transient
response of the system, in particular the settling time and overshoot.

Thus, the synthesis of the controller model reduces to the formation
of a structure that theoretically ensures:

e an increase in the system type;

e enhanced suppression of low-frequency disturbances;

e preservation of a positive phase margin;

e limited parametric dimensionality;

e the possibility of analytical determination of initial ranges of
the coefficients.

In LLRF systems, the choice of a control algorithm is not limited to
the selection of a particular controller. Depending on the accelerator type, the
RF chain architecture, the operating mode of the resonator, and the required
field stability performance, different RF field control strategies may be
employed. In particular, feedback and feedforward control loops [2,21],
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control in amplitude-phase coordinates and in Cartesian I/Q coordinates,
generator-driven operation, self-excited loops, phase-locked loops, as well as
analog and digital implementations, single-cavity control, and vector-sum
control are commonly discussed in the literature. This indicates that a
particular controller represents only one element of the overall LLRF system
architecture and is not the sole factor determining its functional capabilities.

The approach proposed in this work, based on the use of a controller
with a second-order integral component, does not restrict the applicability
of the control strategies mentioned above. It is not intended to be opposed to
auxiliary methods that complement the stabilization loop, such as
feedforward compensation, adaptive feedforward, frequency-selective
filtering, or different coordinate representations of the controlled variables.
On the contrary, the considered algorithm can be integrated into an existing
LLRF control architecture as a modification of the main feedback path,
aimed at increasing the system type and improving the rejection of low-
frequency and quasi-static disturbances.

Among the auxiliary methods, adaptive feedforward is the most
relevant approach for comparison with the proposed controller, since it is
also aimed at improving disturbance compensation in RF field control
systems. In LLRF applications, adaptive feedforward is typically used to
compensate repetitive and reproducible disturbances by updating a
feedforward table for subsequent pulses, cycles, or operating conditions on
the basis of the error between the setpoint and the measured RF field. This
approach can be effective for compensating deterministic effects such as
beam loading, slow variations in system parameters, and operating-point
drift. However, its performance depends on the learning procedure, the
accuracy of the feedforward table update, and the repeatability of the
disturbance structure.

At the same time, adaptive feedforward is generally not used as a
replacement for the feedback loop, but rather as an additional compensation
channel. For deviations that arise directly during operation and do not
necessarily have a known or reproducible structure in advance, the feedback
loop remains the primary control mechanism. Therefore, in this work, the
proposed PII?D controller is compared with a conventional PID controller,
which is used as the baseline due to its widespread practical use, structural
simplicity, well-established tuning procedures, and direct belonging to the
same class of feedback controllers. This comparison makes it possible to
evaluate specifically the contribution of the additional second-order integral
component to the rejection of low-frequency disturbances, without mixing
this effect with the specific features of auxiliary feedforward or adaptive
compensation channels.
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6. Mathematical Model of the Control System. Consider an
idealized model of the RF system of the accelerator. To simplify the
analysis, all nonlinear transfer functions (including those in the z-domain)
are approximated in the continuous Laplace domain.

If stabilization of the complex envelope is considered such that the
difference between the measured and set phase is equal to zero, then the
controllers operating in the I and Q channels can be chosen with identical
coefficients. In this case, the complex-envelope stabilization system can be
reduced to an equivalent problem of RF signal amplitude stabilization for
small variance of phase fluctuations. The resulting model remains
applicable to the complex envelope, which corresponds to an
implementation with two controllers operating in parallel for the in-phase
and quadrature components.

The system consists of the following cascaded elements with their
corresponding transfer functions:

1. RF actuator. It generates the reference RF signal and performs
quadrature modulation based on the input in-phase and quadrature
components. In the idealized model, the dynamic properties of this block
are neglected, and it is described by a constant gain:

Ggen (S) = ngn : (8)

2. RF amplifier. The power amplifier increases the signal level to
the value required to excite the resonant circuit. Within the idealized model,
the amplifier is assumed to be linear and is described by the following
transfer function in the complex-envelope domain of the input signal:

G ( )_ Kamp
amp §)= (1+STamp) ’ (9)

where T, is the time constant of the amplifier transient response, and

K,,, isthe gain.

amp
3. Cavity. In the complex-envelope domain, the resonant circuit
is described as a first-order inertial element with the resonator time

T
constant v ;

K
G, (5)=—""—, 10
) 1+sT,, (10)
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where K

.av 18 the resonator gain. During accelerator operation, T

cay MAY

vary significantly. This depends on the load in the resonant circuit, which is
the beam of charged particles. As a rule, the ratio of the unloaded quality
factor to the loaded quality factor is equal to 2. Thus, the transient time
constant also changes by a factor of 2. The system must remain stable in
both cases; however, under load, the settling time of the closed-loop system
should be minimized, in which case the system can be considered robust.

4. Delay. Cable lines, the transmission path, as well as signal

processing in the LLRF hardware introduce a pure time delay of duration Y
In the continuous Laplace domain, such a delay is described by the transfer
function:

P(s)=e7" . )]

5. RF detector. Detects the complex envelope of the signal. It is a
linear element, since complex-envelope detection is performed using a local
oscillator (LO) and, by means of a cascade of two moving-average filters

H)4(2) , suppresses the linear distortion at frequency 20, that arises after
multiplication of the RF feedback signal and the LO signal. In addition, the
detector has a gain that scales the feedback signal such that the product of
all gains in the loop is equal to 1. The approximation of the moving-average
transfer function and the transfer function of the detector are given by:

_ =sTpr4
Hy(s) =12, (12)
sTy,,
H(s)=K,H?,,(s). (13)

6. Controller. A PID controller with an additional second-order
integral term. Its transfer function (7) was considered earlier.
Thus, the open-loop transfer function is written as follows:

L(s) = Gy, (5) X Gy, () X Gy, () x C(8) x H (s), (14)
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(Kp +£+K—;2+Kd xs)erds x(l—eizTMAS)
L(s) = =2 . (15)
(1+STamp)(l+STcav)XSTMA

The exponential function is not a rational function. To enable the
application of standard methods of analysis and synthesis of control
systems, the exponential delay function is approximated by a rational
function. The most common approach is the Pade approximation. In the
general case, the Pade approximation of order (n, n) is given by:

Zak(srd)k

et g0 (16)

D b (st
k=0

where the coefficients of the numerator and denominator are determined by:

_ ok (Cn=k)'n!
=0 !
2n—-k)!n! ' a7
k=0,1,..n.

T2k (n—k)

The order of the polynomial was selected empirically and set to 63.
Thus, the block diagram of the simplified (but sufficient for qualitative
analysis) RF voltage stabilization system is as follows, as shown in Figure 3.

Kamp
1+ 8Tamp
Keav
1+ sTcay
g (LT : (o5
* sTva
LLRF system Keg = KgenKampKeav Kot = 1

Fig. 3. Block diagram of the approximated RF field stabilization system with respect
to the envelope
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7. Dynamic Analysis of the Control System. Let the system
parameters be set to the following values, for which stability is guaranteed:

L. T,, =3x107";

2. T, ~3.687x10~ sec. for the loaded resonator and 2x T, for
the unloaded resonator;
3. 1,=1 us;
4. T, =2048, ns
5. K,=14;
6. K, =0.008/dt;
7K, = 0.0000004 / (dt)*;

8. K, =6000xdt, where dt is the sampling period of the digital

system equal to 4 ns (specified for simplification of implementation in real
hardware).

The most important indicators of dynamic analysis for evaluating the
stabilization quality of such systems are the sensitivity function [10] and the
transient response (the system response to a unit step input). The sensitivity
function is defined as:

S(s) =

1+ L(s) (18)

The function |S(s)| characterizes the suppression of external
disturbances acting on the plant. Thus, S(s) can be used to assess the

optimality of the controller, as it reflects the degree of suppression of
harmonic distortions corresponding to disturbances at the mains frequency
and its harmonics. Based on system analysis, it is assumed that the
amplitude of such distortions can reach -20 dB. Therefore, to achieve
amplitude stability exceeding 100 dB, it is sufficient to suppress distortions
at the third harmonic of the mains by more than 85 dB.

In addition, it is important to evaluate the peak sensitivity:

MS(s):max|S(S)|, (19)

as well as the peak complementary sensitivity:
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My(s)= max|T(S)| , (20)

where the closed-loop transfer function is defined as:

T(s)= L) . (21)
1+ L(s)

For clarity, the dynamic analysis is performed for both the classical
PID controller and the synthesized controller. As discussed earlier, the
transfer function of the system varies during accelerator operation due to
changes in load. In this case, the system should exhibit the highest
stabilization efficiency and the shortest transient duration under maximum
load conditions. This is because, with increasing beam input intensity, the
losses of accelerated ions increase. In the absence of load, it is sufficient for
the system to remain stable. The sensitivity magnitude response under
loaded conditions is shown in Figure 4.

Sensitivity magnitude response |S(jw)|

4 — |S(jw)| with PII2D st e~ S ESEE
254 |S(jw)| with PID —//

—50 4

=]

—75

Magnitude, dB

—100 A
—1251

10! 102 103 104 10° 108 107
Frequency, Hz

Fig. 4. Sensitivity magnitude response of the control system with classical PID and
PII?D controllers (loaded condition)

As expected, the slope in the low-frequency region is 40 dB per
decade for the synthesized controller. At higher frequencies, the first-order
integral term dominates; therefore, the responses are nearly identical above 10
kHz. Preservation of the first-order integral term ensures system stability.

Table 1 presents data on phase margin, gain margin, sensitivity peak,
complementary sensitivity peak and the level of suppression of modulations
at 150 Hz for the classical PID and PII?D controllers.

The sensitivity peak and complementary sensitivity peak of the
proposed controller are slightly reduced, which is a favorable result. It
should be noted that, according to the Bode sensitivity integral, a reduction
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in sensitivity in the low-frequency region is inevitably accompanied by its
redistribution toward higher frequencies.

In the considered system, the peak value of the sensitivity function is
slightly lower than that of the classical PID controller. It can be expected
that further increase in the gain of the second-order integral term would lead
to an additional reduction of the sensitivity peak. At the same time, the
sensitivity integral is preserved due to an increase in the high-frequency
region (in this case, starting from approximately 10 kHz), which reflects the
fundamental trade-off between disturbance rejection and robustness.

The phase margin slightly increases in the case of the loaded resonator
and decreases by less than 1.5 degrees under no-load conditions. At the same
time, attenuation of mains harmonics increases by more than 22 dB.

The derivative term allows an increase in phase margin within the
range of possible variations of the system transfer function and thus improves
robustness. If it is excluded, a reduction of the remaining controller gains may
be required, which would affect the attenuation of mains harmonics. In
general, the derivative gain does not require continuous tuning. According to
data obtained during long-term operation and tuning of cyclotrons at the
Flerov Laboratory of Nuclear Reactions, it is sufficient to determine the value

of K, at which the system approaches instability and divide it by 2. This

provides a coarse but effective result and does not require additional
experiments, thereby accelerating the deployment of the LLRF system.

Table 1. Results of the system dynamic analysis

Parameter PID PII’D
Phase margin (T, ), ° 37,21 37,67
Phase margin (2xT ), ° 35,10 33,76
Gain margin (T, ), dB 4,21 4,24
Gain margin (2xT,, ), dB 10,16 10,19
Sensitivity peak, dB 8.76 8.71
Complementary sensitivity peak, dB 5.29 5.21
Attenuation at 150 Hz, dB 66,53 89,00

Next, consider the transient response with saturation control
(from 0 to 4), as shown in Figure 5.

As can be seen, the settling time of the system with the PII?D
controller increases. To apply such a controller in linear accelerator
systems, where such transient processes are a regular occurrence, it is
necessary to introduce activation of the second-order integral term after the
transient process. This can be implemented such that, after the start of the
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transient, at a time T, equal to the settling time of the system with the

sys
classical PID controller, accumulation in two error integrators —
independent of the first integrator of the first-order integral term —is
activated. That is, its implementation differs from the controller shown in
Figure 2. Let the start of the transient process be defined as:

1,=0. (22)

Then, the transfer function of such a controller is given by:

K.
KP+T’+Kd><s, t < Ts‘ys
Cnanflin (S) = K . (23)
KP+TI+S—’22+des, t>T,,

Unit step response, T_cav = 36.876 us

—— e(t) with PII2D
~== e(t) with PID

10*1 4
1072 4
1073 4
10*4 4
04
—1074
—1073
—10"2
—10"1
—100°

Error e(t)

0 50 100 150 200 250 300
t, us

Unit step response, t_cav = 73.751 us

— e(t) with PII2D
—~=- e(t) with PID

v

Error e(t)
o

0 50 100 150 200 250 300
t, us

Fig. 5. Unit step response of the system (linear scale from —10™* to  107%)
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Assume that for the considered system T, is equal to 100

microseconds. Then, the response of the system with controller (23) is as
shown in Figure 6.

Unit step response, T_cav = 36.876 us

10° 1<
1071 4 ".
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10—4 4
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)
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Fig. 6. Unit step response of the system with a nonlinear controller (linear
scale from —10™* to 10™%)

The difference in settling time becomes negligible. The results indicate
that the use of such a controller is feasible in all types of accelerator systems.
8. Hardware Implementation and Experiment. The hardware
implementation consists of synthesizing the “IQ_Controller” module in the
“SystemVerilog” hardware description language, followed by
implementation on an FPGA. A detailed hardware description does not
provide scientific value; therefore, only key parameters are presented:
1. FPGA sampling frequency: 250 MHz;
2. DAC sampling frequency: 500 MHz;
3. DAC resolution: 16 bits;
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4. ADC resolution: 14 bits;
5. Analog-to-digital converter (ADC) sampling frequency: 250 MHz;
6. Carrier frequency of the reference signal f,. = 8.632 MHz.

An example implementation of the controller is available in the
repository at [22].

In this case, either the in-phase or quadrature component is applied
at the input. To stabilize the entire signal, the controllers must be
connected in parallel.

The transfer functions of the resonators are replaced by digital IIR
(infinite impulse response) low-pass filters with equivalent time constants
tau placed before the RF actuator. The pure delay is implemented using a
FIFO (first-in, first-out) buffer. Amplitude modulation is implemented on
the FPGA after the RF actuator. The evaluation is performed based on
acquired complex-envelope data consisting of 16,384 samples with a
sampling rate of 20,480 Hz. As a result of the experiment, the magnitude
response of the complex envelope, the spurious-free dynamic range
(SFDR), and g, are obtained: for the PID controller in Figure 7 and for the
PIID controller in Figure 8.

Magnitude response of the complex envelope of the RF field (with PID)

—— Closed loop

Open loop: === Open loop

SNR =21.12dB
0 = 0.025709°
~20 17SFDR = 24.14 dB
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Fig. 7. Magnitude response of the complex envelope and results of field stability
evaluation with a PID controller
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Magnitude response of the complex envelope of the RF field (with PII2D)
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Fig. 8. Magnitude response of the complex envelope and results of field stability
evaluation with a PII?D controller

The spurious-free dynamic range (SFDR) increases by more than 22
dB compared to the results obtained with the classical PID controller. In this
experiment, phase fluctuations were not modeled, since stabilization is
performed based on complex-envelope stabilization. It can be assumed that
the RMS deviation of the initial phase o, will also decrease by
approximately an order of magnitude compared to a system with a classical
PID controller.

9. Conclusion. This work considers the synthesis of a stabilization
system for the parameters of the RF field in the resonant circuit of a
charged-particle accelerator using a PII?D-type controller. A dynamic
analysis of the system transfer functions has been performed, and the
sensitivity frequency characteristics have been investigated. A hardware
implementation of the PII*D controller has been carried out, and
recommendations are provided for reducing the system settling time in
LLRF systems of linear accelerators.

The main contribution of this work is the introduction of a controller
structure with a second-order integral term that increases the system type
and improves low-frequency disturbance rejection without requiring a priori
knowledge of disturbance characteristics. In contrast to conventional PID-
based approaches, the proposed method achieves a steeper sensitivity roll-
off (-40 dB/decade) while preserving stability margins and maintaining
implementation simplicity.
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The simulation results show that the introduction of a second-order
integral term significantly improves the suppression of low-frequency
disturbances in the control loop. In this case, amplitude stability exceeding
106 dB is achieved, compared to typical values of modern stabilization
systems on the order of 80-86 dB. At the same time, a significant reduction
in the RMS deviation of the signal phase is observed—by at least an order
of magnitude compared to modern systems.

However, such a control system may exhibit reduced robustness over
a wider range of variations in the cavity quality factor during accelerator
operation. In this case, the gain of the second-order integral component
should be selected significantly lower in order to preserve the required
stability margins and reduce the risk of oscillatory transients.

As a further development of this work, an experimental investigation
of the proposed method in combination with feedforward control and
adaptive feedforward control is planned. This will make it possible to
evaluate the effectiveness of the combined approach in suppressing both
low-frequency disturbances and repetitive pulse-to-pulse RF field errors in
an LLRF system.

The obtained results confirm the effectiveness of using a controller
with a second-order integral term for RF field stabilization tasks.
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YK 681.5:004.942 DOI 10.15622/ia.25.4.11

A.C. BbIOPHOB, A.T. TPO®MMOB, C.B. ITAIIIEHKO, A.1. KPBIJIOB,
A.A. lIIvkuH, O. . IE-MOHJIEPVIK
MNOBBIIEHUE CTABUJIBHOCTHU BY I1OJISI B LLRF CUCTEME
3A CUET JOBABJIEHUS HHTETPAJIBHOM COCTABJISIIOLIEN
BTOPOI'O NOPSJIKA B IEPEJJATOYHYIO ® YHKIIUIO IU/I-
PETYJISITOPA

Bwibopnos A.C., Tpopumos A.T., Iawenxko C.B., Kpwvinoe AH., HHluwkun A.A.,
He-Monoepux O./]. TloBbimenue cradmiabHocTH BYU monsi B LLRF cucreme 3a cuér
7100aBJIeHNs MHTErPaIbHON COCTABJISAIONIEl BTOPOro TMOPSAKA B TepPeIaTOYHYIO
¢yuxuuio TN /I-peryasitopa.

AnHoOTammsi. B pabore paccmarpuBaercst 3ajada MOBBIMICHHS TOYHOCTH CTaOWIM3aLUU
AMIUTHTYABI U (pa3bl BBICOKOYACTOTHOTO IIOJISI B CHCTEME HHM3KOYPOBHEBOTO PafHOYaCTOTHOIO
ynpasnenust (LLRF), mpumeHseMoil B YCKOPHTEISIX 3apsOKCHHBIX vacTul. llokasaHo, 4To
OCHOBHBIM HMCTOYHHMKOM JIErpajialiiy CTAOMIBHOCTH SIBIIOTCS HU3KOYACTOTHBIE BO3MYIICHHS,
O0yCIIOBIICHHBIE ~ MyJNbCAUMSAMH ~ WCTOYHHKOB  [HTAHHS, TEMIICPATYypHBIMH  Ipefiamu
1 U3MEHEHHEM I1apaMeTpoB Harpys3ku. IIpoqeMOHCTpUpPOBaHO, YTO KJIACCHYECKasl CTPYKTypa
[T /]-peryasTopa NPUHIUIHAIBHO OrPaHUYCHA B MOJABICHUH TaKHX BO3MYLICHHH BCIICICTBHE
KOMIIPOMHCCA MEK/y YCHIICHHEM Ha HH3KHX 4acTOTax U 3armacaMu ycroitunocTH. [IpemioxkeHa
MOIM(HUIIMPOBaHHAs CTPYKTypa PETYISATOpa C MHTErPalIbHONW COCTAaBIISIONIEH BTOPOTO MOpSJIKA.
IToka3aHo, YTO MPEIIOKEHHBII TOAXO IPUBOIUT K YBEJIMUCHHIO MOPSIKA aCTaTU3Ma CHCTEMBI
1 (OpMHUPOBaHHIO HAKIIOHA AMIUIUTYIHOM XapakTtepucTuku -40 nb/mexamy B 00MacTH HU3KHX
YacToT, YTO 00ECIeUHBaCT CYIECTBEHHO Oonee 3(h(eKTUBHOE MOJABIICHHE KBAa3HCTAIMOHAPHBIX
1 MEJUICHHO W3MEHSIOIMXCS BO3MYyIIeHHil. PaszpaboraHa maTemarHueckas MOIENb CHCTEMBI
YIpaBlCHUsI, OTpa)karollasi OCHOBHbIC AuMHamuueckue cBoiictBa BU Tpaxra. JlomoaHUTETbHO
NPEIOKEHA HEJMHEWHAsl CTpaTerdsi YIpPaBlICHWs, OCHOBAHHAs HAa OTJIOXKEHHOW aKTHBALMN
HHTETPAIPHON COCTAaBIIIOIIEH BTOPOrO IOpsIKA, KOTOpas HPEAOTBPALIaeT YBEIHUCHHE
JUINTENBHOCTH  [EPEXOAHOrO IIpolecca MPH COXpaHEHHH S(QEKTHBHOCTH  MOIABICHUS
BO3MYIICHHI. Pe3yibTaThl YHCICHHOrO MOJEINPOBAHUS U SKCIEPUMEHTAIBHBIX HCCIICIOBAHUN
NIOKA3bIBAIOT, YTO NPEUIOKEHHBIH pEryasiTop oOecleurBaeT yBEIMYEHHE JIHHAMHYECKOTO
JIMana3oHa M CTaOWIIBHOCTU aMIUMTyIbl Oosee yeM Ha 20 1b mo cpaBHEHMIO ¢ TUNUYHBIMH
COBpPEMEHHBIMU CHCTEMaMH, a TaKXKe CHIDKEHHE CPEIHEKBAJIPaTHYHOIO OTKIOHEHUs (a3bl
He MeHee dYeM Ha Iopsnok. IlomydeHHBIe pe3yibTaThl IIOATBEPIKIAIOT, YTO BBEICHUE
MHTETPaJbHOM COCTAaBISIONICH BTOPOTO TMOPsAKA B CIPYKTYpy peryssiTopa sBIsETCS
9((eKTUBHBIM CIIOCOOOM IOBBIMICHUS] TOYHOCTH cTabmm3anuu BY curHama npH coxpaHeHNH
YCTOWYMBOCTH U POOACTHOCTH CHCTEMBI YIIPaBICHHS.

KioueBble cioBa: cradbwmmzauus BY mons, LLRF cucrema, BY tpakr, IIJIUC,
MOJIaBJICHHE HU3KOYACTOTHBIX HCKakeHHit, BU cucTema HUKIIOTpOHA.
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