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Abstract
Previous results on the mitigation of microphonics using active disturbance rejection control (ADRC) have shown the benefit of this new control method. Its potential to solve other cavity control problems, for example beam loading and tuner control, is then further explored recently at the Facility for Rare Isotope Beams (FRIB) and the National Superconducting Cyclotron Laboratory (NSCL). An effort to improve the control loop rate by implementing the ADRC algorithm in the field programmable gate array (FPGA) is discussed as well.
INTRODUCTION
The control of superconducting radio frequency (SRF) cavities is critical to the successful operation of linear particle accelerators. Different types of disturbances that exist in the accelerator systems, including microphonics, Lorentz force detuning, beam loading, and the nonlinearity in the tuners and power amplifiers, make the control problem very challenging.
A previous study [1] has shown the microphonics problem can be well addressed by a novel control method called active disturbance rejection control (ADRC) [2]. The central idea of this method is to treat both external disturbances and internal system uncertainty as a total disturbance, then estimate it using an extended state observer (ESO), and cancel it in the controller. Two to four times of performance improvement was observed in the test done at the 3 MeV/u re-accelerator (ReA3) at the National Superconducting Cyclotron Laboratory (NSCL), using the ADRC compared to the widely used traditional PID controllers [1].
The main purpose of this paper is to show the efforts of applying ADRC to solve other control problems in SRF cavities at the Facility for Rare Isotope Beams (FRIB) and the NSCL.
THE ADRC DESIGN
Take the cavity model from [1],

	, 	(1)
where VcI and VcQ are the in‑phase (I) and quadrature (Q) components of the cavity voltage which is the system output; VgI and VgQ are the I and Q components of the generator voltage which is the system input; ω1/2 is the cavity half bandwidth; Δω is the cavity detuning frequency which is the difference between the generator RF frequency and the cavity natural frequency. The first equation in (1), for example, can be rewritten as a general first order system,	
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	, 	(2)
with y=VcI, w=VcQ, u=VgI, and the corresponding ADRC design is then

	, 	(3)



where f(y, w, t) is the total disturbance which includes both internal uncertainty (in cavity bandwidth) and external disturbances (coupling from the Q component); r is the reference signal;  and  are the observer states estimating the system output and the total disturbance respectively; l1=2ωob and l2=ω2ob are the observer gains derived from the observer bandwidth (ωob) ; k1=ωc is the controller gain derived from the controller bandwidth (ωc); b is a system related parameter and is ω1/2 in this application;  is an estimation of b.
MORE ON MICROPHONICS
As mentioned above, the ReA3 cavities has been well regulated since January 2011 when the new control algorithm was employed. However, a significant performance degradation was noticed in late 2011. After some investigation, the installation of a new turbo pump on the top of the cryomodule #2 (CM2) of ReA3 during this period was found to be the main suspect. The test data shows the pump creates a 447.5 Hz vibration. Even though the frequency of this microphonics is much greater than the cavity bandwidth, due to its large amplitude it still creates the highest component (an order of magnitude higher than other components) in the cavity error signal (see Figure 1, amplitude error only).
[image: ]
Figure 1: Power spectrum of the cavity amplitude error.
Later, it was tried to achieve better control performance by tuning the ADRC parameters. The controller and observer bandwidths of the ADRC were increased from 600 rad/s and 3000 rad/s to 5000 rad/s and 10000 rad/s. Based on the analysis, 12 dB more attenuation is gained for the 447.5 Hz microphonics and three to four times of performance improvement was predicted. The prediction was verified by further test results (see Table I).
TABLE I: ADRC TUNING RESULTS
	
Pump
	ADRC
	L082
	L089
	L091

	
	ωc
	ωob
	Amp
	Phase
	Amp
	Phase
	Amp
	Phase

	
	rad/s
	rad/s
	% rms
	º rms
	% rms
	º rms
	% rms
	º rms

	ON
	600
	3000
	0.023
	0.079
	0.011
	0.024
	0.041
	0.17

	ON
	5000
	10000
	0.0045
	0.017
	0.0032
	0.0061
	0.013
	0.062

	OFF
	600
	3000
	0.0054
	0.023
	0.0039
	0.008
	0.0027
	0.01


L082, L089 and L091 are three cavities inside the CM2 and L091 is the closest to the turbo pump. By increasing the bandwidths, the ADRC is able to fully recover the performance for L082 and L089, and partly for L091. The upper limits of the bandwidths are restricted by control loop rate, group delay and noise level. The tuning guidelines for ADRC can be found in [3].
BEAM LOADING COMPENSATION
Beam loading is another disturbance source to the electric field inside the cavity. To maintain constant field in the presence of beam current, feedforward control has been a common choice, but it would require precise timing and accurate beam current measurement. Adaptive feedforward is also a choice to accommodate beam current variations, but not at a very high frequency as will be demonstrated below.
In [4], an initial simulation study of the beam loading compensation was done to the FRIB β=0.085 quarter-ware resonator (QWR085), which has a bandwidth of 40 Hz. The results show that the ADRC regulates the cavity field back to the set-point much faster than the PID does after the beam is introduced. The parameters of the simulation are listed here: beam current 352 µA, control loop rate 25 KHz, controller bandwidth 10000 rad/s, observer bandwidth 20000 rad/s, cavity voltage amplitude set-point 1.78 MV, cavity voltage phase set‑point -30º. The beam is turned on at 0.5 seconds and turned off at 1.5 seconds.
In the simulation above, the beam current is assumed to be constant. In the real situation, however, the beam current may vary. Thus a more realistic simulation is further done to include the beam current variation, and the results are shown in Figure 2 and Figure 3.
In this simulation, a more reasonable set of controller and observer bandwidths (3000 rad/s and 6000 rad/s respectively) are used, and the beam current is allowed to vary 10% at a frequency of 550 Hz, at which the tuned ADRC has the least attenuation (worst case). The amplitude and phase maximum (peak) errors are 0.28% and 0.1º, and the estimated root mean square (RMS) errors are 0.028% and 0.007º. All performance indexes meet the specification (peak error: <±1% for amplitude, and <±1º for phase; RMS error: <0.25% for amplitude, and <±0.25º for phase) with a comfortable margin, without using the feedforward control.
[image: ]
Figure 2: Cavity amplitude response under beam loading.
[image: ]
Figure 3: Cavity phase response under beam loading.
TUNER CONTROL
The biggest challenge in the tuner control is probably the hysteresis effect in the piezo fast tuner. A commonly used method is to model the hysteresis effect and then use its inverse in the controller to cancel the effect. But the modelling effort is not trivial. In this section, a simulation is done to demonstrate that the ADRC is capable of cancelling the hysteresis effect without using its model. The simulation block diagram is shown in Figure 4.
[image: ]
Figure 4: Hysteresis simulation block diagram.
Figure 5 shows the input-output relationship of the hysteresis block with an open loop sinusoidal input (at 30 Hz). Compared to the ideal linear input-output relationship, the nonlinear effect is clearly seen. Thus if the closed-loop control is not good enough, the nonlinear effect will distort the perfect sinusoidal input and create higher order harmonic components in the system output.
Figure 6 shows the frequency spectrums of several signals. It can be seen that in the system output signal, the third harmonic is greatly suppressed. In contrast, the input signal to the hysteresis block has several significant harmonics. This, to some extent, demonstrates the ability of ADRC to cancel the hysteresis effect.
[image: ]
Figure 5: Hysteresis input-output relationship.
[image: ]
Figure 6: Frequency spectrums of signals.
In fact, the ADRC not only works for the hysteresis but also other types of nonlinearities [5]. Hence the nonlinear gain problem in the power amplifiers (klystrons, solid state amplifiers) can be solved in a similar manner.
FIXED‑POINT IMPLEMENTATION 
The motivation of implementing ADRC in the field programmable gate array (FPGA) is to increase the control loop rate. In another study on self-excited loop (SEL), it has been shown that the maximum working range of the SEL is around one twelfth of the control loop rate. As mentioned earlier, the control loop rate is one of the limiting factors for the achievable controller and observer bandwidths. Therefore, it is critical to improve the control loop rate.
The ADRC algorithm has previously been implemented in microcontroller, programmable logic controller (PLC) [6] and FPGA, covering a wide range of control loop rate from several Hertz up to 2 MHz. All of the above implementations, however, use the floating point calculation. To achieve even higher control loop rate, the fixed-point implementation of ADRC is studied. Figure 7 shows results of a simulation comparison between the floating point and the fixed-point implementations.
It can be seen from the figures that the fixed-point algorithm is as good as the floating point algorithm, without losing any accuracy. Therefore, a fixed-point algorithm of ADRC is finally developed (for details please refer to [7]). With the newly developed algorithm, the maximum control loop rate can reach 20 MHz for a Spartan‑6 FPGA and 9 MHz for a Spartan‑3E FPGA. The algorithm is also verified in the hardware test, and the results are shown in Figure 8. 
[image: ]
Figure 7: Cavity phase response under beam loading.
[image: ]
Figure 8: Cavity error power density functions.
The test was done on the L088 cavity of ReA3. The control loop rate is chosen to be 1.25 MHz, and the controller and observer bandwidths are 750 rad/s and 3000 rad/s respectively. Again, the performance meets the specification.
CONCLUSIONS
[bookmark: _GoBack]It is demonstrated in this paper that the ADRC has a great potential in solving different kinds of problems in the SRF cavity control. Also, with the fixed-point FPGA implementation, the range of the control loop rate is further extended. Other ADRC related research activities, for example implementing the original nonlinear ADRC and solving the solid state amplifier nonlinearity problem, are ongoing at the FRIB and the NSCL.
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