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Abstract

The SPIRAL2 superconducting linac has been success-
fully commissioned with protons in 2020. During the com-
missioning, a model of the cavity and its LLRF control
loop has been developed. The model enables to have a bet-
ter understanding of the system and was used to tune the
PI(D) correctors for beam loading compensation. Here we
review the development of such a tool, computed with MAT-
LAB/Simulink to model transfer functions of : the RF and
mechanical behaviors (Lorentz detuning) of the cavity, as
well as all the elements that compose the RF control loop
(digital LLRF, amplifier, transmission lines, etc.). A bench-
marking of the model with measurements is presented.

INTRODUCTION

A superconducting (SC) cavity model, with its associ-
ated control loops (Low level RF and Tuning system ) have
been developed, by using Matlab/Simulink [1]. The aim
of this model was to assess the technological feasibility of
fast (~ 100 ms) retuning of SC cavity for the operation of
a CW (continuous wave) linac. This is a specific require-
ment for Accelerator Driven System (ADS) operation, where
failure compensation is necessary to ensure a high reliabil-
ity level of the machine [2, 3]. The model was also used
to validate and adjust the incident coupling, as well as the
performance requirements of the cold tuning system (CTS)
actuators (motor, piezoelectric devices). It also enabled to
carry out studies on ‘intelligent’ control of the CTS (Lorentz
detuning compensation, microphonics damping, etc) [1, 4].
However, it had never been fully benchmarked on a cavity
operating with beam. This has been achieved recently, dur-
ing the commissioning and power ramp-up of the SPIRAL2
linac [5, 6]. We here give an overview of the model, present
its benchmarking and the improvements : in particular for
the digital LLRF model and the PI (proportional K ,, Integral
K;) controller.

MODEL

The block diagram of Fig. 1 describes the global principle

of the model. It consists in two loops :

* the LLRF feedback loop to control the phase and the
amplitude of the accelerating voltage (V.4y),

* the feedback loop of the tuning system. The transfer
function of the controller and the actuator acting on the
cavity frequency detuning can be adjusted depending
the simulation needs.
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Figure 1: Model block diagram.

Computed in the Simulink environment, the main blocks
of the RF feedback control loops are : the cavity, the LLRF,
the IQ modulator and the RF power amplifier.

Cavity Model

The cavity accelerating voltage, V.4, is deduced by mod-
elling the cavity as an RLC resonating circuit (cf. Fig. 2
equivalent model).
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Figure 2: Equivalent circuit.

The RF power generator (/) and the beam (/) are seen
by the cavity as current generators [1, 7]. Ry is the loaded
shunt impedance, which is the sum of two parallel resis-
tances: the external impedance (coupling) Z.,;, and the
cavity resistance R. The loaded coupling is classically de-

fined as :
1 1 1 1
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with Q; the incident coupling from the power coupler, Q;
the coupling from the pick-up antenna and Qy is the cavity
quality factor. The digital LLRF system is treating I/Q (In
phase / Quadrature) parts of the signal. It was chosen to
use the same formalism to derive equations that define V.,
evolution; and the associated Laplace transfer functions.
As developed in [7], transient of the real part (V,.;) and
imaginary part (V.g) of Vg, can be written! :
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The ‘linac definition’ is used for the shunt impedance,
(r/Q) = V2,,/(woW). wy is the RF angular frequency,
and the cavity detuning, Af = fy — feqv (Aw = 2nAf), is
calculated as :

Af(t) = =AfL(t) = Afmic(t) = Afue(t) — Afcrs(t) (4)

Microphonics (A f;,;c) and helium bath pressure (A fe)
perturbations were not considered in this study but it can
be implemented in the model. The tuning system (A fcrs)
was considered as static, still transfer function of dynamic
systems (e.g piezos) can be implemented [1, 4]. Lorentz
detuning transients was considered with a first order equa-
tion [8] (t,,;, mechanical constant and k;,, Lorentz factor ):

TmAfL (1) + Af(t) = —k E>., (5)

LLRF and PI controller

The LLRF block is a simplified model of the digital sys-
tem. Delays and saturation are introduced as well as Zero
Order Hold block to simulate the signal sampling. The LLRF
sampling time is : Ty = (4/5%* fy)~'. Noise can also be simu-
lated. Feedforward option was also introduced. When used,
it basically consists in a reset of the PI blocks output to a
given value - on each I and Q loop - when beam trigger is
‘ON’ [6]. Discrete PI controller from the Simulink library is
used. The correction method used in the real LLRF system
is a backward-Euler and it was implemented with discrete
transfer function (‘z-transform’) :

H(z) =K, +K; Te.

6
z-1 ©
with T, = 4 = T , the sampling period of the controller.
The controller model was carefully benchmarked to ensure
that correctors coefficients (K, and K;.T,) match the values
entered, by the operators, in the control system.

Other subsystems

In this purpose, the effects of passive systems
(waguide,cables, etc.) were taken into account. The
attenuation (dephasing and delays when relevant) were
crosschecked, measured and implemented in the model.
The RF amplifier gain variation is also taken into account.
Pampii-our = f(Pin) was measured and implemented in
the RF generator block. Similarly, the I/Q modulation
Pi1omoa = f(ViLLrF,VoLLRrF) is also implemented and
non-linearities are therefore considered.

BENCHMARKING

The model was benchmarked with the first cavity from the
B section of the SPIRAL?2 linac [9]. Table 1 gives the main
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Iy = =21 Inp =0
Iqp = I cos(gpg) leo =1, sin(.cpg) 3)
Vcl = Vcav COS(¢S) VCQ = Vcav Sln(¢s)
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cavity and LLRF parameters. Figure 3 shows the beam load-
ing effect and its compensation by the feedback LLRF loop
(measurements and model). Measurements were carried out
during the 16 kW power ramp-up with proton beam [5].

Table 1: Cavity and LLRF Parameters.

Cavity parameters and set points

fo 88.0525MHz (r/Q) 515Q
Lace 0.41m kp 1.8 Hz/(MV/m)
T 1 ms Qo 2.510°
Qi 9.9 103 0; 1.8 10"
Euce 6.449 MV/m O -26°
Ib() 42 mA Af THz
LLRF loop
Loop delay 2ps T 142 ns
Max. RF Power 23.4 kW T, 56.8 ns
Ky 50
I controller K 01
Kpo 50
Q controller Kig 01

Figure 3 shows a good agreement between the model and
the measurements. The system behavior and the beam load-
ing compensation is well reproduced. This tend to confirm
the robustness of the model. It will enable to carry out PID
tuning studies to anticipate the future LLRF settings, and
this for each cavity of the linac. The phase difference - which
is linked to the cavity detuning - is compared with the so
called ‘dpci’ signal [6] of the SPIRAL2 LLRF system. The
model also enables to calculate powers (reflected, transmit-
ted, dissipated in cavity walls, etc), and in particular the RF
power of the generator (P,). The simulated evolution of P,
is also matching quite well the measurements. Nevertheless,
the fine calibration of the powers and of the detuning mea-
surement are still in progress and should be confirmed. One
can still conclude that the tendencies and order of magni-
tudes are well reproduced, especially for the accelerating
field. For instance, the model was used during the commis-
sioning to confirm that some correctors values was too low,
and could be safely increased to optimise the beam loading
compensation. It also enabled to confirm that feedforward is
necessary to enhance the performances of the machine [6].

FEEDBACK & FEEDFORWARD

As previously mentioned the model is used to carry out
optimisation of the cavity control system: to tune the co-
efficients of the PI controller. Figure 4 shows another ap-
plication example, where the integral coeflicient of the I
loop (K;y) was identified as not properly tuned : ten times
lower than the expected value. Once again the model is well
reproducing the real system.

One other application of this model is to study the feed-
forward effect. Figure 5 illustrates how it can be used by
comparing different tuning configurations: only feedback
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Figure 3: Accelerating Field, phase difference (detuning
measurement) and RF power from amplifier at the beginning
of a beam pulse.

loop, feedback and feedforward triggered on the rising edge
‘Beam ON’, feedforward with loop delay compensation and
feedforward with 5 % error on the V.; and V¢ set points.
This example confirms that when not operating in CW - with
low duty cycle but high beam loading - feedforward is nec-
essary for the SPIRAL2 SC linac. And, as discussed in [6]
delays compensation is a key point to enhanced the control
of the beam loading during transients.
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Figure 4: Beam loading effect in cavity 2 of the B section.
Kpl = KPQ =50, K,-Q.Te =0.1,but K;;.Te = 0.01. Ip =
4.6 mA with a pulse duration of 1 ms.
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Figure 5: Example of feedback and feedforward effects .
Here K,; = K,p = 15 and K;;.Te = K;p.Te = 0.01.
Ipo = 4.5 mA with a pulse duration of 2 ms.

CONCLUSION & PROSPECTS

A robust model of cavity and its associated feedback loops
have been developed. This model can be adapted to different
kind of cavity and tuning systems. It has been successfully
benchmarked during the SPIRAL?2 operation, especially for
B cavities. The next steps will be to continue the fine tun-
ing and benchmarking especially for section A of the SPI-
RAL2 linac. Studies to optimise the K ,/K; per loop (I and Q
may have different corrections) will be carried out. In these
purposes dedicated measurements are foreseen during next
SPIRAL?2 runs. The model can be used for other types of
cavities e.g. Spokes for ADS projects [10-12], to study and
provide control systems settings for fast retuning procedures
(failure compensation [13]).
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