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A disturbance observer (DOB)-based control approach was verified using the low-level radio-frequency
systems of superconducting (SC) cavities operated in a continuous wave (CW) mode in a compact energy
recovery linac (cERL) at KEK. This approach compensates for both predictable and unpredictable
disturbances in a radio frequency (rf) system such as beam loading, Lorentz force detuning, and
microphonics. This paper generalizes the DOB method in pulsed SC rf systems in the cERL at KEK. The
results show that the pulse-to-pulse stabilities of the rf system are improved as expected by using this
control approach. Furthermore, this method is validated by successfully compensating long pulse beam-

loading effects in cERL.
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I. INTRODUCTION

At KEK, a compact energy recovery linac (cERL) was
constructed in 2013 to demonstrate an energy recovery
technique for future 3 GeV ERL-based light sources [1].
The cERL is a 1.3 GHz superconducting radio-frequency
(SCRF) test facility operated in continuous wave (CW)
mode. A total of six cavities were assembled in the cERL.
As shown in Fig. 1, one normal conducting buncher cavity
and three two-cell superconducting (SC) cavities (Injl,
Inj2, and Inj3) were installed in the injector; the other two
nine-cell SC cavities (ML1 and ML2) were installed in the
main linac (ML).

Since 2016, the objective of the cERL facility was
changed to cater to superconducting (SC)-technology-
based industrial applications [2]. A new beamline was
then constructed to produce radioisotopes (RIs) of “Mo
and other medical RIs as shown in Fig. 1 [3]. In addition,
we constructed two undulators for building the infrared free
electron laser (IR-FEL) beam line in the south section of the
recirculation beam line in cERL [4]. Because SC cavities in

fqiufeng@impcas.ac.cn
Present address: Institute of Modern Physics, Chinese Acad-
emy of Sciences, China.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2469-9888/21/24(1)/012804(13)

012804-1

cERL suffered from degradation caused by thermal break-
down and field emission over the past several years [5-7],
the maximum beam energy was decreased to approxi-
mately 17.5 MeV during the latest cERL beam commis-
sioning in the CW mode. However, a higher beam energy is
required for further industrial applications related to RI
manufacturing and IR-FEL operation. One approach to
increase beam energy is operating cERL 1f cavities in pulse
mode because a higher cavity gradient can be achieved with
the pulsed rf. After selecting the appropriate rf pulse
patterns and control strategies, we successfully achieved
21.1 MeV beam acceleration with a 7.5-ms pulse duration
and a 5-Hz repetition rate [8]. Table I lists the parameters of
the SC cavities and their corresponding rf power sources in
pulse mode during beam commissioning. Here, V., Q;,
and L. represent the cavity voltage, cavity loaded Q, and
cavity effective length, respectively. Parameter E represents
the total beam energy. The beam was operated in pulse
mode at E = 17.5 MeV and E = 21.1 MeV, as listed in
Table 1. In the case of E = 17.5 MeV, we kept the V. of
each cavity the same as that in CW mode. For
E =21.1 MeV, we increased the gradient of cavities in
the ML to achieve higher beam energy (Table I). In this
paper, we focus on the study of the cavities in the ML.
During the cERL beam commissioning in pulse mode,
we observed that fluctuations in cavity detuning were
transferred to the rf amplitude and phase; therefore,
pulse-to-pulse drifts were observed in the rf field even
with feedback (FB) control. These fluctuations were finally

Published by the American Physical Society
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FIG. 1.

Layout of cERL. Cavities and rf sources are shown in the figure. The new beamline is indicated by the red block. The marked

values of the beam energy and cavity voltage indicates the latest state of the beam commissioning in CW mode. The screen monitor is

indicated by the green block.

transmitted to the beam energy based on the measurement
results from a screen monitor (Fig. 1) [8]. The currently
used proportional integral (PI) FB control could not provide
sufficient gain to compensate for beam-loading effects in
the case of long pulse beam operation. These issues
motivated us to search for other advanced control
approaches in addition to the current FB control strategies.

A disturbance observer (DOB)-based control approach
was previously applied in cERL to reject various disturb-
ances in the rf system operated in CW mode [9,10]. This
method was first introduced by Ohnishi and refined by
Umeno and Hori [11,12]. The successful DOB control on
the CW rf system inspired us to extend this approach to a
pulsed rf system.

The rest of this manuscript is organized as follows.
Section II briefly introduces the structure of the pulsed low-
level radio-frequency (LLRF) system in the cERL and the
corresponding control strategies. Section III discusses the
limitation of the current control strategies in beam com-
missioning. Section IV presents the structures of the DOB
approach for a pulsed rf control system. Then, in Sec. V, we
provides the comparison between the performances of our

rf system under DOB control and that under PI control.
Finally, Sec. VI presents a summary of our study.

II. LLRF AND TUNER CONTROL

A schematic of the digital LLRF and tuner FB system is
shown in Fig. 2. Two micro telecommunications computer
architecture (uTCA) field programmable gate array
(FPGA) boards (FPGA #1 and FPGA #2) are employed
in our system. FPGA #1 board serves as the LLRF field
control system, while FPGA #2 functions as the frequency
tuner system.

In the LLRF system, the 1.3 GHz rf signals from the
cavity side are down converted to approximately 10 MHz
intermediate frequency (IF) signals. The IF signals are
sampled at 80 MHz using a 16 bit analog-to-digital
converters (ADC), and they are fed to FPGA #1 to perform
digital signal processing [13]. The in-phase and quadrature
(I/Q) components of IF signals are extracted [14,15]. After
being filtered by a 250 kHz fourth-order infinite impulse
response (IIR) filter to attenuate the cavity parasitic mode
[16], the 1/Q components of the cavity voltage signals are

TABLE I. tf and cavity parameters during the cERL beam commissioning in pulse mode.
Ve

Cavity E =175 MeV E =21.1 MeV or Lo Power source
Inj1 1.45 MV 1.45 MV 1.2 x 10° 0.23 m 25 kW kly.
Inj2 1.54 MV 1.54 MV 0.57 x 10° 300 kW Kly.
Inj3 1.30 MV 1.30 MV 0.48 x 10°

ML1 5 MV 55 MV 1.3 x 107 1.036 m 16 kW SSA
ML2 7.5 MV 10.5 MV 1.1 x 107 8 kW SSA
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FIG. 2. Schematic of the digital LLRF and tuner system in the
cERL. The pulse patterns for the cavities in the main linac are
illustrated in the figure for better explanation.

compared with the set table. The I/Q errors are calculated
and regulated using a PI FB controller. The regulated I/Q
signals are added to a static feedforward (FF) table (the
output of the DOB controller is added in the case of PI +
DOB control). The combined signals are fed to the I/Q
modulator to modulate the rf signal from the master
oscillator. Finally, the modulated rf signal are fed to a
high power rf source, which drives the cavities. In Fig. 2,
the pulse patterns of the FF table, set table, cavity voltage
signals, and DOB controller output are illustrated for better
understanding.

In the tuner system (FPGA #2), the down conversion and
1Q detection part are the same as those in the LLRF system.
Cavity detuning (Aw) during the tf pulse can be calibrated
using [17]

= ap _ w1/2(|217f|) sin(0 — ¢)

Aw =
di Vel

(1)

where ¢ and € represent the phases of V. and Vi,
respectively. The quantity ; ), is the cavity half bandwidth.
The averaged detuning error is regulated with gain G, and
then, it is added to the piezo control signal u,,, from the last
pulse, a pulse-to-pulse FB mechanism is established based
on this method [8].
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FIG. 3. Typical amplitude and phase pulse pattern of the cavity

voltage (V.), amplitude pattern of the cavity forward voltage
(V), and the corresponding lorentz force detuning (LFD) during
the cERL beam commissioning.

Figure 3 illustrates a typical rf pulse pattern and the
corresponding lorentz force detuning (LFD) in pulse mode.
The V in the figure indicates the cavity forward voltage.
The filling time represents the stage of filling the rf voltage
to the designed value. Owing to the limited capabilities of
the power sources in the ML cavities and high Q; of more
than 1.0 x 107, a long filling time up to 3.5 ms was adopted
for ML1 and ML2 in the early commissioning [8]. In the
latest beam commissioning, the filling time was extended to
5 ms to further decrease the required incident power during
the filling time. Following the filling time, a 1 ms flat-top
was maintained for beam acceleration. To satisfy the power
limits of the cavity coupler before switching off the rf, a
4 ms (or 3 ms for early commissioning) “slope time” is
inserted to reduce the transient reflected power [8].

During the filling time of the 1f pulse, we should focus on a
large LFD proportional to the square of the accelerating
gradient [18]. For ML2 operated with 10.5 MV V_, the
maximum LFD is about 85 Hz; it is roughly 1.5 times the
cavity half-bandwidth (=57 Hz). Figure 4 shows the detun-
ing of the ML2 (V.= 10.5 MV) calibrated using (1).
Because we applied a long filling time of up to 3.5 ms,

100

80+
60t

40

Detuning [Hz]

20

O,

Time [ms]

FIG. 4. Examples of cavity detuning on ML2 that operated at
10.5 MV in the pulse operation. The red line indicates the mean
value of the detuning during the flat-top.
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FIG. 5. Long term pulse-to-pulse amplitude (blue), phase (red)

and detuning (green) during the flat-top of the rf pulse on ML2
that operated at 7.5 MV.

the LED almost reaches its steady state at the beginning of the
flat-top. That is, the LFD during the 1 ms flat top is almost
constant as shown in Fig. 4. Thus, the compensation of the
intra-pulse detuning is not considered in this paper. Based
on (1), we can calibrate the average value of the detuning red
line in Fig. 4) during the flat-top in an rf pulse (in the case w/o
beam or with short pulse beam).

In addition, a filling on resonance method is adopted to
reduce incident power during the filling time [19,20]. The
phase of the FF table is modulated to track the cavity
resonance frequency as shown in Fig. 2. These pulse patterns
and control strategies are discussed in detail in Ref. [8].

We commissioned the current LLRF and tuner system in
the cERL beam commissioning in pulse mode. Figure 5
shows the result of a 17.5 MeV beam acceleration with a
pulsed rf. The 0.45 mA beam with a pulse duration of
0.9 us and a 5 Hz repetition rate was accelerated on-crest.
The beam-loading effects are almost negligible because of
the short beam pulse duration. The beam energy is
calibrated based on the peak point of the beam projection
on the screen monitor (Fig. 1). For comparison, the pulse-
to-pulse detuning (green), V. amplitude (blue), and V.
phase (red) during the flat-top of the rf pulse for ML2 was
plotted as well. The cavity is operated at 7.5 MV as listed in
Table 1. According to Fig. 5, the drifts in the detuning
caused by the pressure fluctuation is coupled to the rf phase
rather than the rf amplitude. Fortunately, the beam energy is
not affected by the rf phase compared with the rf amplitude
because of the on-crest acceleration.

III. LIMITATION OF CURRENT CONTROL
STRATEGY

We have to increase the V. of ML2 to 10.5 MV to realize
a 21.1 MeV beam acceleration. Figure 6 compares the
measured beam energy, pulse-to-pulse detuning, and the
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FIG. 6. Long term pulse-to-pulse amplitude (blue), phase (red)

and detuning (green) during the flat-top of the rf pulse on ML2 at
10.5 MV. An obvious beam energy dirft (black) was observed.

corresponding rf amplitude and phase. Unlike the case of
the 17.5 MeV beam acceleration, the drifts in the detuning
was coupled to not only the rf phase but also the rf
amplitude. These drifts were transferred to the beam, and
led to an obvious beam energy drift.

In practice, after calculating the dynamic detuning
with (1), the tuner control system regulates the piezo tuner
to ensure that the measured average detuning in the flat-top
always fluctuates around 0 Hz. However, a detuning offset
(Af o) may exist between the actual and measured
detuning.

Figure 7 shows the cavity resonance curves for amplitude
and phase as a function of detuning Aw (Aw = wy — ),
where parameters w, and @ represent the cavity resonance
frequency and rf frequency, respectively. As shown in
Fig. 7(a), the V. amplitude is less sensitive to the detuning
drift compared with the V. phase as long as the cavity is
operated on resonance (A f e = 0). However, as shown in
Fig. 7(b), the existence of the Af s can led to a larger
amplitude fluctuation.

If the rf system is operated in the open-loop mode, it
means the static FF table directly drives the rf source
without responding to how the cavity reacts. The phase and
amplitude drifts (A6, AA,) caused by the detuning drift
Awmg;i can be expressed as [14]

Awdnft

Af, = arctan ,
? 2
{ AAol = ( )

1
1+tan?(A,)

Eq. (2) is only available in the case of static detuning. In our
case, as mentioned above, the LFD almost reaches its
steady state during the flat-top (Fig. 4). Therefore, we
consider the detuning caused by the slow drifts as a static
detuning.
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In the closed-loop mode, drifts are attenuated by the FB
gain Gyy; thus, we have

s (3)

where Afrp and AApp represent the drifts of the phase and
amplitude under FB control, respectively. Figure 8 shows
the calibrated drifts based on (5) and (8). The upper plot
shows that the case of Af g 1S not included in the actual
detuning. The amplitude drift was not observed as expected
(this is also the case of V. = 7.5 MV, as shown in Fig. 5).
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FIG. 8. Comparison of calibrated amplitude (and phase) drift
and measured amplitude (and phase) on cavity ML?2 that operated
at 10.5 MV. From top to bottom: Af.ge =0 Hz, and
Afosser = —8 Hz.

The lower plots assume that there is a —8 Hz A f g in the
actual detuning. The calibrated and measured amplitude
drifts are in good agreement. This is because the —8 Hz
Af oot 18 not well-understood so far, and it is noted that
this A f e 15 nOt observed in ML2 at 7.5 MV. A possible
reason for this A f . 1S the calibration error in (1) caused
by the limited directivity of the rf couplers. The existence of
the A f s When operating the cavity with a higher gradient
limits the pulse-to-pulse stability. The current PI FB control
is not sufficient to reject this detuning drifts as shown
in Fig. 6.

Another limitation of the current control approach is the
compensation of the long pulse beam loading. In principle,
beam loading can be compensated using high FB gains.
However, high FB gains not only increase the risk of an
unstable system but also increase the noise level of the high
frequency components. To optimize FB gains, a gain-
scanning experiment was performed in the absence of
the beam. Optimal gains were determined based on the
scanned performance curves. In this paper, the PI controller
is defined by its continuous form

K
Cpi(s) = Kp +?1, (4)

where Kp and K; represent the value of the proportional
gain and integral gain, respectively. Under the optimal
integral gain K; (approximately 1.2 x 10 in our case),
amplitude and phase stabilities as a function of Kp are
shown in Fig. 9. First, we determined the optimal gain
based on its phase performance for ML1 and ML2.
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FIG. 9. Gain-scanning result for (a) MLI1, (b) ML2. The
subplots on the left and right indicate the amplitude and phase
stabilities, respectively. Before 2014, G, and K, were deter-
mined as the optimal gains based on the phase performance. From
2015 to the present, G, and K, were selected as the
operational gain to reduce the rf trips.
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FIG. 10. Cumulative RMS amplitude (left) and phase (right)
stabilities of ML1 under different K p.

However, rf trips occurred in ML1 and ML2 because of the
high FB gains. These scenarios forced us to decrease the
gain from Gy, and Ky, t0 Gy, and Ky, after the year
2015, respectively. The gain K, is selected as the
operational gain of ML2 on the basis of amplitude
performance (optimal amplitude stability). The gain G,
was determined for the operational gain of MLI1 to
compromise between amplitude and phase stabilities.
The 1f trips caused by the LLRF system were significantly
reduced as presented in Ref. [21].

Figure 10 compares the cumulative RMS stability of
ML1 with different Kp but with the same K;
(K; = 1.2 x10%) in CW mode. From the amplitude and
phase cumulative RMS stability curves, it can be seen that
higher gains lead to a deteriorated stability in the rf field
owing to the enhancement of high frequency noise. Based
on what we have mentioned above, in order to improve
both of the robustness and performance of the system, we
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FIG. 11. (a) The 0.7 ms and 66 A peak current beam measured

by the oscilloscope. (b) Measured tf field for the amplitude on
ML2 in the case of P control (blue) and PI control (green).

have selected Kp = 80 and Kp = 50 for ML1 and ML2,
respectively.

Figure 11(a) shows the 0.7 ms and 66 yA beam current
used in beam commissioning. Since the cavity was oper-
ated in the on-crest mode, the beam-loading effects were
concentrated on the rf amplitude. Figure 11(b) shows the
amplitude result at the flat-top for the P control and PI
control on ML2 (V. = 7.5 MV). The beam-induced peak-
to-peak amplitude error for both cases are approximately
0.2%. The FB gains in the experiments are Kp = 50 and
K; = 1.2 x 10°. To further improve system performance,
DOB control approaches we successfully applied in the
CW 1f system were considered.

IV. DOB CONTROL

In the cERL beam commissioning of the CW SC
cavities, the DOB control method was demonstrated by
successfully compensating for beam loading, and by the
suppression of the power supply ripples and microphonics
[9]. The key component of DOB control is a disturbance
observer, which can estimate the disturbances of the
system. The structure of the DOB control is illustrated
in Fig. 12(a). Signals u, d, and d represent plant input,
disturbance, and disturbance estimate, respectively. In
principle, the signal d represents the disturbances from

PI control /E FF
C u 4
Pl X)
Set c?:t[/
1
DOB 1 Switch
gain
/ 0
I Time 7 Q
d
-1 + .
Q : Gn @f z*
DOB control
()

FIG. 12. (a): Basic structure of DOB control. The disturbance
signal d can be estimated by the DOB controller output d. The
effective bandwidth of the controller is determined by the low-
pass Q filter. (b): Simplified architecture of DOB control in
combination with PI control.
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the plant input, such as the beam loading and power supply
ripples. However, the DOB control has proven to be
effective in successfully rejecting the microphonics detun-
ing which does not directly affect the plant input [9]. One
possible reason is that the detuning error can be equivalent
to the phase error of the cavity input if the cavity is operated
approximately on resonance. Therefore, such detuning
errors can also be dealt with by the DOB controller.
Models G, and G, represent the transfer function of the
real plant (combination of cavity, rf source, preampifier, IQ
detector, etc.) and nominal system models, respectively.
Generally, the model G, can be obtained by modern system
identification [22]. In our case, because the cavity half
bandwidth (=50 Hz) is much smaller than other compo-
nents, the dominant poles of G, are contributed by the
cavity itself. Furthermore, if the cavity detuning, Af, is
well compensated by the tuner system, and the phase
calibration error Af is negligible. The transfer function of
G, (s) under these ideal conditions can be simplified by

G,(s) = M’ (5)
s+ 2xfos
where the parameter G, and f 5 represent the plant gain
and cavity half bandwidth, respectively.
The filter Q(s) is used to make the G;! physically
realizable [12]. In our design, the Q filter is a second-order
low-pass filter with the transfer function [9]

1

0(s) NCrSI (6)

where 7 is related to the filter bandwidth.
According to Fig. 12, the disturbance estimation is given
by [9,10]

d = 0l(u+d)G,G;' — ul. (7)

If the system model has high accuracy (G, ~ G)), it can be
seen that d ~ Q - d. If the Q filter is a low-pass filter with
gain | as shown in (6), d~din the low-frequency domain;

therefore, we can use this disturbance estimate d to cancel
the real disturbance (in the low-frequency domain), as
shown in Fig. 12(a).

We incorporated the DOB control with the PI controller.
The overall control block diagram is shown in Fig. 12(b).
The signal n represents the measurement noise in the
system. The model Cp; represents the PI controller and the
DOB controller is indicated by the grey block. The actual rf
system has time delay, T';, and it should be compensated by
the digital delay unit G :

T,

Gr = L= |7, (®)

| |
Filling time | Flat-top| Slopetime | Decay
I I |
- | Beam | |
5
':.% | | |
5 | | I
| | }
| | ‘
| | I
£ i K I Time
1)
T : Kp
‘5 | Time
;M
Qo I
a Q
! Time
FIG. 13. Activation time of each PI control and DOB control.

where the operator “| | ” means round the element inside
the brackets to the nearest integers toward 0, and the
parameter 7, represents the sampling period of the
FPGA board.

To achieve better transient performance, the two con-
trollers were activated with different timelines as shown in
Fig. 13. The PI gain gradually increased from O (at the
beginning of the filling time) to the steady-state value (at
the beginning of the flat-top) and it remained constant in the
flat-top. The DOB control was activated in the latter part of
the filling time, and in the entire flat-top. In Fig. 12(b), the
disturbance estimate d is modulated with the DOB gain,
and it yields an actual controller output Eiom.

During the flat-top (steady-state) of the rf pulse, an
analytical study of the PI + DOB control was carried out.
Since there are three internal loops in Fig. 12, we have
adopted the Mason’s rule to analyze the system [23]. The
characteristic polynomial A,,; (system determinant) in the
overall schematic is defined by

At()l - 1 - (Q ) GTn _QGZI ' Gpe_TdS _CPI : Gpe_Tds>9
N——

L, L, L;

©)

where L, L, and L5 represent the three internal loops in
Fig. 12. If we operate the system with PI individual control,
the characteristic polynomial Ap; becomes

API =1- (_CPI . Gpe_TdS). (10)
———

L;

As shown in (9), if the nominal model G, is exactly same
with G ,, and the loop delay ™"« is perfectly compensated
by the digital delay Gy , the internal loops L and L, cancel
out. With these conditions, we have A, = Ap;. Here we
suppose the cavity is operated on resonance and there is no
phase calibration error.
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TABLE II. Assumptions in the analytical study.

Item Value Definition

5(‘;;# 10% Mismatch of plant gain
"

l}f& 15% Mismatch of cavity half bandwidth
0.5

&L 50% Mismatch of loop delay

Af otfset —20 Hz Detuning offset

AO 5 deg Phase calibration error

In practice, a mismatch always exists between G, and
G,. Because the two dominant parameters in G,, are plant
gain G, and cavity bandwidth f 5, we inspected these two
parameters. We suppose the mismatched G,, is expressed as

27(fos +0fos)
s+ 2x(fos +6fos)

Similarity, we assume that there is a deviation in the
estimation of loop delay:

GT — Z_(L+AL)- (12)

n

In addition, to make the analytical study more realistic, we
suppose that the small detuning error and the phase
calibration error cannot be neglected in the actual plant.
The G, is then given by

2rfos
s+ 2”(f0.5 - .] : Afoffset)

GP(S) = fo . . e_-iAH. (13)

Table II summarize the assumptions and restrictions we
have used in the analytical study. In general, these
restrictions can be satisfied in the cERL. Next, from
Fig. 14 to Fig. 18, we use the same assumptions described
in Table II.

Figure 14 compares the bode plots of the sum of all loop
gains (i.e., —1 + A, and —1 4 Apy) in the case of the PI +
DOB control and PI individual control on ML1. The cutoff
bandwidth (3 dB bandwidth) of the Q filter f is set to
5 kHz. The loop delay is approximately 1 us. The PI gains
here are 80 and 1.2 x 10°, respectively.

According to Fig. 14, the bode plots in the case of the
with and without DOB control almost overlap. The
maximum extra phase lag caused by DOB controller is
approximately 6 degrees, which means the introduction of
the DOB structure will not significantly influence the total
characteristic polynomial of the system.

The improvement of PI + DOB control can be explained
by inspecting its closed-loop transfer function from d to y.
According to Mason’s rule, the transfer function of PI +
DOB is given by

G odbhounw
4
;

Mag. [dB]
=)

[
——

0r 80

50 -100 s BN B

Phase [deg]

Frequency [Hz]

FIG. 14. Comparison of the bode plots of the sum of all loop
gains in the case of the PI+ DOB control and PI individual
control. The magnitude response in the two cases almost overlap.
The maximum phase lag caused by DOB control is approx-
imately 6 degrees.

G. - e—Tds

Hypgy=(1-0-Gr,)- pA 1 (14)
to

On the other hand, the transfer function of PI + DOB is
given by

(15)

Hpr 4y =

As shown in Fig. 14, the denominator of (14) and (15) is
almost same, the main difference of these two transfer
functions is 1 — Q- Gy, with the magnitude response as
shown in Fig. 15. According to Fig. 15, the factor 1 — Q -
Gy, will improve the system response from d to y in the
frequencies ranging from direct current (DC) to f .

Figure 16 plots the closed-loop transfer function from the
disturbance signal d to the cavity pickup signal y. Here, we
assume that the model mismatches and the detuning and
phase errors are given in Table II. The results indicate that
the presented DOB structure shows better performance in
terms of disturbance rejection for the low-frequency range.

In DOB control, the bandwidth of the Q filter restricts
the effective bandwidth of the controller. The DOB control
does not work if the frequency of the disturbance is higher
than fy. Figure 17 shows the upper boundary for the
singular value of the closed loop transfer function from d
and n to y in terms of different f, under P + DOB control.
The determination of f, is a compromise between dis-
turbance rejection and noise suppression according
to Fig. 17.
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Bode plot of (1 - Q- Gr,)

20 g
o -
o,
E
2 -
-80 L L "
10° 10° 10* 10°
Frequency [Hz|
FIG. 15. Bode plot of the block, 1 — Q - G, . In the frequency

range from DC to f, we have [1 — Q - G, | < 1. As aresult, the

closed-loop system response from d to y will be improved by the
DOB control.

d—
-20 Y

—PI + DOB
30 + ——PI 7

40 +

-50

-60

Mag.[dB|

-0

-80

-90

100 . . . .
10' 10% 10° 10* 10° 10°
Frequency [Hz]

FIG. 16. Upper boundary for the singular values of the closed-
loop transfer functions from d to y in the cases of the two different
control strategies.

d—y n =y
20 20 !

-40

2 2
60 - -

g g
fo=1kHz
80 40} | fo=5 kHz
—— fo=20 kliz

-100 60
10 10* 10° 10 10* 10°

Frequency [Hz] Frequency [Hz]

FIG. 17. Upper boundary for the singular values of the closed-
loop transfer function from d and 7 to y in terms of different f'y.

The Hy, of A(s)Q(s)

O -
20 F
40 |
=)
=
sp 00T
<
=
0 fo=1kHz
—— fo=5 kHz
100 | |—— fo=20 kHz
- fo=50 kHz
-120 L . J
10" 10% 104 10°
Frequency [Hz]
FIG. 18. H, norm of A(s)Q(s). The restrictions for the

uncertainties are given in Table II.

Finally, we inspect the robust stability of the DOB
control. The actual system G, is subjected to several
uncertainties (e.g., cavity detuning, calibration error of
loop phase). On the other hand, the mismatches always
exist in the parameters of G,,. The relation between actual
plant model and nominal model can be expressed by

Gp(s) = Gu(s)[1 + A(s)], (16)

where the variable transfer function A(s) describes uncer-
tainty of the plant. The sufficiency criterion of robust
stability for DOB controller is given by

[A(jw)Q(jo)l|e < 1. (17)

Figure 18 plots the H , in terms of different f,. Here, we
consistently assume the restrictions of the uncertainties are
listed in Table II. It can be seen that if the f, is larger than
50 kHz, the DOB control is subject to a risk of unstable. In
our experiment, we limited the f to be less than 20 kHz.

V. EXPERIMENTAL VERIFICATION

To validate DOB control in a pulsed rf system, we first
installed this controller on ML1 and ML2 because these
two cavities contribute the main part of the total beam
energy. For cavities in the injector, we consider installing
the controller in a future study. The cavity parameters of
these two cavities are listed in Table I.

A. Pulse-to-pulse drifts rejection
When ML2 was operated at V. = 10.5 MV, a pulse-to-
pulse fluctuation was observed in the measured detuning.

This fluctuation led to a pulse-to-pulse amplitude and phase
drifts of the cavity voltage as shown in Fig. 6. However,
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FIG. 19. Amplitude (left) and phase (right) stability in ML2 (V. = 10.5 MV) in the case of (a): P control and (b): P + DOB control in
the absence of the beam. This figure shows 10 randomly selected pulses from the data during one hour.

with the current PI FB control, it is not sufficient to reject
these drifts. Figure 19(a) shows the amplitude and phase of
10 pulses in the case of P individual control (Kp = 50 and

K; = 0) in the absence of the beam. These 10 pulses are
randomly selected from the saved pulse data during one
hour. The pulse-to-pulse error is clearly observed in the
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= 530 = —_
N
= 5 -90.970 1 T 100 1
.g. Q o0
= 5309 A 2 -90.980 £ 0.00
5 bttt = g
% Q—< ~
= © -90.990 4 8 -1.00 A
5 5309 1 > , -
DOB on -91.000 2.00 -
—— DOB off
5.308 T T T T -91.010 -— T T T T -3.00 - T T T T
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Time [minute] Time [minute] Time [minute]
(a)
3.00
10.135 - o
””””””””””””””” 2.00 -
'g' 10.133 - — 48.000 wawi .
= 10.135 - = 1.00
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(b)

FIG. 20. Pulse to pulse stabilities of (a): ML1 (V. = 5.5 MV) and (b) ML2 (V, = 10.5 MV) in the case of P control (blue) and
P 4+ DOB control (red) with 5 kHz Q filter in the absence of the beam.
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TABLE III. Performance of DOB control for rejecting the pulse-to-pulse fluctuations in the absence of the beam.

Control method and LLRF parameters Intrapulse stability Pulse to pulse stability
Cavity V. [MV] Method (Kp, K;) fo [kHz] Filter AA/A [% tms] A¢ [° rms] AA/A [% rms] A¢ [° rms]
ML1 5.5 P (80, 0) Not used 250 kHz IIR (4th) 0.016 0.015 0.0007 0.0103
P+ DOB 5 0.016 0.015 0.0005 0.0005
ML2 10.5 P (50, 0) Not used 250 kHz IIR (4th) 0.010 0.016 0.0040 0.0231
P+ DOB 5 0.011 0.014 0.0003 0.0006
— 60
£ 15000 -
- %
g 10000+ - s 4
= 14000 2 —— DAC (P+DOB)
§ 5000 WM" 'E 20 1 —— DAC (P)
Q 12000 — s FF
< 4 6
=) 0 T T T T T T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [ms] Time [ms]
(@)
8 60
£
= 6 - | —
E %ﬁ 40
g Y 2 v
£ 2 —— Ve (P+DOB)
T 5 = 20 — Ve(P)
) 7.200 /S Set
0 . 5.0 . 5'5 '6.0 . . . . . . .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [ms] Time [ms]
(b)

FIG. 21. Comparison of P control (blue) and P + DOB control (red) on ML2 operated at 10.5 MV. (a) Amplitude and phase of DAC
output. (b) Amplitude and phase of cavity gradient. The DOB controller is activated after approximately 3 ms delay of the rf gate. The
filling on resonance technique is applied in the design of the pulse pattern.
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s 2
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-
O
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2 )
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FIG.22. P control (blue) versus PI control (green) versus P + DOB control (red) on ML1 and ML2 in the presence of long pulse beam.
(a) Amplitude and phase stabilities during the flat-top of the pulse rf on ML1 at 5 MV. (b) Amplitude and phase stabilities during the flat-
top of the pulse rf on ML2 at 7.5 MV. The f, in the DOB controller is selected to be 7.5 kHz to reach a compromise.
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TABLE IV. Performance of DOB control in the beam-loading compensation during the cERL beam commissioning.

Control method and LLRF parameters

Intrapulse stability Beam conditions

AA/A Ag I, Width ¢,

Cavity V. [MV] Method (Kp, Kp) fo [kHz] Filter [% rms] [° rms] [#A] [ms] [deg]
ML1 5.5 P (80, 0) Not used 250 kHz IIR (4th) 0.066 0.015 66 0.7 0
PI (80, 1.2 x 10°)  Not used 0.072 0.016
P+ DOB (80, 0) 7.5 0.019 0.015
ML2 10.5 P (50, 0) Not used 250 kHz IIR (4th) 0.063 0.015
PI (50,12 x 10°)  Not used 0.071 0.019
P + DOB (50, 0) 7.5 0.015 0.015

rf phase. To further improve the performance of the pulse-
to-pulse 1f stability, we used the same PI parameters and
switched on the DOB controller. The bandwidth of the Q
filter f is set to 5 kHz. The pulse-to-pulse performance is
improved as shown in Fig. 19(b).

Figure 20 shows the long-term stabilities of average
amplitude, phase, and detuning values in the flat-top region
for ML1 (V, = 5.5 MV) and ML2 (V. = 10.5 MV) under
the P control and P + DOB control. The pulse to pulse
drifts for amplitude and phase were obviously improved by
DOB control. The stabilities are summarized in Table III.

B. Beam-loading compensation

To validate the DOB method for beam-loading compen-
sation, an LLRF experiment with a long-pulse beam was

7245 476
T 724}y ‘
= 47.55 1]
b= | = |
- 7.235 i 'y ‘
El T e ki = sl
5 7123 -~ fo=10 kHz |
-—--Reference
7225 4745
5 55 6 5 55 6
Time [ms] Time [ms]
FIG. 23. Amplitude and phase stabilities during the flat top of

the pulse rf in the case of P + DOB control on ML2 at 7.5 MV in
terms of different f.

0.023 1 -
E 0.022 . = 0.018 1
20,021 1 ooz ; H
) H : ) H :
2 0.020{® : Ej 0.016*? ; :
& L] & "
= g t X
< 0.019 <

6 8 10 6 8 10

Q-filter bandwidth [kHz] Q-filter bandwidth [kHz]

FIG. 24.  f,-scanning result for ML1 (V. =5 MV) and ML2
(V. =175MV). fo=175MV is determined as the optimal
bandwidth according to amplitude performance.

performed in the cERL. The pulse width of the beam was
approximately 0.7 ms, and the peak beam current was
approximately 0.07 mA, as shown in Fig. 11(a).

Figure 21 shows the performance of the P control (blue)
and P + DOB control (red) on ML2. An FoR technique was
applied in all three cases. In P control, very clear beam-
loading effects (approximately 0.2% peak to peak error)
can be observed in the amplitude of the acceleration field.
In the P+ DOB case, the beam-loading effects in the
amplitude are well compensated. The DOB controller is
activated after an approximately 3 ms delay of the rf gate. A
tiny increment of the DAC amplitude can be observed when
activating the DOB control as shown in Fig. 21(a). During
the flat-top stage from 5 ms to 6 ms, a beamlike pulse is
formed in the DAC output to compensate for beam loading.
The P 4+ DOB control has a faster response compared to
that of P control, which means the P + DOB controller has
a larger bandwidth with response to disturbance rejection.

Figure 22 shows the flat-top result for cavities in the ML
in the case of P control, PI control, and P + DOB control.
The main LLRF control parameters and corresponding rf
stabilities in the presence of a long pulse beam are listed in
Table IV. The parameter ¢, denotes the beam phase.

The selection f is a key issue in DOB control [9]. To
evaluate the effect of f», we measured system performance
with different f, values on ML2 at 7.5 MV. Figure 23
shows the rf amplitude (left) and phase (right) stabilities
during the flat-top under P + DOB control in the case of
fo = 5 kHz (blue) and f, = 10 kHz (red). A tiny ampli-
tude drop was still observed in the f, = 5 kHz case. This
amplitude drop disappeared after increasing the f, to
10 kHz. However, as shown in both the amplitude and
phase performances, the noise level is deteriorated in the
case of f, = 10 kHz. This is consistent with the analytical
study shown in Fig. 17. Figure 24 shows the f, scanning
result; we determine that /', = 7.5 kHz achieves a trade-off
between disturbance rejection and noise suppression.

VI. SUMMARY

A new beamline to produce RIs was constructed in cERL
at KEK. To increase the beam energy for Rl manufacturing,
the operation mode was switched from the original CW
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mode to the pulse mode. During beam commissioning in
pulse mode, the pulse-to-pulse rf drifts caused by detuning
fluctuation (and detuning offset) were observed. In addi-
tion, beam loading effects seriously influenced rf stability
under current PI FB control.

The DOB control was applied for the pulsed mode
operation. The pulse-to-pulse performance is improved by
the DOB approach. Furthermore, obvious beam loading
effects were well compensated.

The DOB method in this paper is designed for individual
cavity control. Reference [9] used DOB control to reject
phase ripples on the vector-sum of only two cavities. As a
future study, the validity of the DOB approach needs to be
demonstrated in the case of the vector-sum control of a
larger number of cavities.
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