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Abstract The development of iterative learning control
combined with disturbance-observer-based (DOB) control
for the digital low-level radio frequency (LLRF) system of
the International Linear Collider project is presented. The
objective of this study is to compensate for both repetitive
(or predictable) and unpredictable disturbances in a radio
frequency system (e.g., beam loading, Lorentz force
detuning, and microphonics). The DOB control approach
was verified using the LLRF system at the Superconducting
Test Facility (STF) at KEK in the absence of a beam. The
method comprising DOB control combined with an itera-
tive learning control algorithm was then demonstrated in a
cavity-simulator-based test bench, where a simulated beam
was available. The results showed that the performance of
the LLRF system was improved, as expected by this
combined control approach. We plan to further generalize
this approach to LLRF systems at the STF and the future
International Linear Collider project.
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1 Introduction

The International Linear Collider is a proposed electron
and positron collider accelerator that aims to precisely
investigate the Higgs boson, dark matter, and possible extra
dimensions. A total of 400 radio frequency (RF) stations,
each equipped with 39 superconducting (SC) RF nine-cell
cavities driven by a 10-MW multi-beam klystron, were
installed in the International Linear Collider [1]. The
superconducting test facility (STF) was constructed at KEK
to develop key technologies related to the International
Linear Collider (e.g., high-gradient SC cavities, higher-
order mode couplers, high-power RF sources, and high-
precision RF control systems). The current status of the
STF is illustrated in Fig. 1 [2—4]. The injector consists of a
photocathode RF gun and two SC nine-cell cavities in a
capture cryomodule. These two cavities are driven by an
800-kW Kklystron. The beam was accelerated to 40 MeV at
the injector output. The main linac was constructed in two
phases. In the first phase (current status), a total of 12 SC
nine-cell cavities within two cryomodules (CM1 with eight
cavities and CM2a with four cavities) driven by a 10-MW
multi-beam klystron were installed; however, four cavities
(#5-7 and #9) suffered from degradation caused by heavy
field emission [4]. Therefore, only eight SC cavities are
operated in the current state.

The SC cavities in the International Linear Collider and
STF were operated in pulse mode with a 1.65-ms pulse
duration and a 5-Hz repetition rate [1, 2]. The typical
forward pulses from the klystron, reflection, and cavity
signal are shown in Fig. 2. The cavity voltage was gradu-
ally increased to its design value during the filling time
(~924 us) and was then kept constant (“flat”) during the
flat-top time (~727us) when beam is accelerated. To
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Fig. 1 (Color online) Current status of the STF project. SC cavities #5-7 and #9 in the main linac suffer from degradation caused by heavy field
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Fig. 2 (Color online) Typical RF forward pulse (in blue), reflection (green dotted curve), and cavity field signal (in red) in the absence of a beam.

The pulse signal consists of the filling time and flat-top time

achieve high beam quality, the RF field fluctuation during
the flat-top acceleration should be maintained at <0.07%
(root mean square (RMS)) for the amplitude and 0.35°
(RMS) for the phase [1]. Low-level RF (LLRF) systems
based on field-programmable gate arrays (FPGAs) are
applied to stabilize the RF field during the flat-top
acceleration.

In practice, the RF system is disturbed by various factors
that can be classified into two categories: repetitive (pre-
dictable) disturbances and unpredictable disturbances [5].
Repetitive disturbances such as Lorentz force detuning
(LFD) and beam loading are repeated in the system from
pulse to pulse [6, 7]. Unpredictable disturbances such as
microphonics are generally not synchronized with the RF
operation and vary from pulse to pulse. All these distur-
bances limit the performance of the LLRF system. Usually,
proportional and integral (PI) control and proportional
(P) control are widely used in the LLRF system to remove
these disturbances and errors; however, PI or P control is
usually insufficient in the presence of higher frequencies
and greater intensity disturbances (e.g., in case of large
beam loading or the presence of the LFD effect). These
issues have motivated us to search for other advanced
control approaches in addition to traditional PI control.
Repetitive disturbances can be removed by iterative
learning control (ILC) [8—13]. ILC algorithms were origi-
nally developed for robot learning and training by
Uchiyama and Arimoto [8, 9]. In this control strategy, the
error information gathered from the last cycle is estimated
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and used to improve the current cycle. An ILC algorithm
requires the system to perform the same action repeatedly.
This requirement can be fulfilled in a pulse-mode operation
accelerator, such as the International Linear Collider and
STF. Applications of the ILC algorithm related to the
LLRF field can be found in [10, 11, 14]. However, the ILC
algorithm is incapable of rejecting unpredictable distur-
bances such as microphonics. In view of this situation, a
disturbance-observer-based (DOB) control method was
introduced to suppress these errors. This approach was first
introduced by Ohnishi [15] and refined by Umeno and Hori
[16]. DOB control was successfully applied to the LLRF
system of the compact energy recovery linac (cERL) test
facility at KEK [5, 17-20], demonstrating that DOB con-
trol is effective for both repetitive and unpredictable dis-
turbances. This has motivated us to design a control
algorithm that combines the advantages of ILC and DOB,
and both repetitive and unpredictable errors are expected to
be canceled in the combined control approach.

This study focuses on the design and development of the
combined control approaches mentioned above. Applica-
tions of the approach to the STF and a cavity-simulator-
based test bench are presented. The remainder of this paper
is organized as follows. Section II briefly introduces the
typical LLRF system used in the accelerators. Section 3
describes the principles of the ILC algorithm and DOB
control. Section 4 presents the design of the combined
control approach. Section 5 presents the results of the
combined P- and DOB-based (P 4+ DOB-based)
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applications at the STF, as well as the applications of the
combined P-, DOB-, and ILC-based (P + DOB + ILC-
based) control on a cavity-simulator-based test bench.
Finally, Sect. 6 summarizes these combined control
approaches.

2 LLRF system

Figure 3 illustrates the block diagram of a typical LLRF
system [21, 22]. The RF pick-up signals from all cavities in
the cryomodule are down-converted to intermediate fre-
quency (IF) signals. The IF signals are sampled in the next
stage and fed into an FPGA. The baseband in-phase and
quadrature (I/Q) components are extracted from the digi-
talized IF signals by a digital I/Q detection model [23, 24].
The 1/Q signals are fed into a 2 x 2 rotation matrix to
correct the loop phase. The vector-sum signal is then
obtained by calculating the superposition of all the cavity
pick-up signals. After being filtered by digital filters, the
I/Q components of the vector-sum signal are compared

with their set values and the I/Q errors are calculated. Then,
the I/Q errors are regulated by a PI feedback (FB) con-
troller. The processed I/Q signals are added to their cor-
responding feed-forward (FF) models. The combinational
signals are fed into the I/Q modulator by a digital-to-analog
converter to modulate the 1.3-GHz RF signal from the
oscillator. Finally, the LLRF feedback loop is closed by
means of a high-power source, which drives the cavities.
Typical sources of disturbances in an RF system are
shown in Fig. 3. Repetitive disturbances such as LFD and
beam loading are repeated from pulse to pulse. In contrast,
unpredictable disturbances such as microphonics usually
vary from pulse to pulse [5-7]. In a pulsed-mode acceler-
ator, using traditional PI control is usually insufficient for
removing all of these disturbances. Many advanced control
algorithms such as H,, multi-input-multi-output control
[10], DOB control [5], learning control [10, 11], and active
disturbance rejection control [25] have been applied to
further improve the performance of LLRF systems. The
International Linear Collider and STF are operated in the
pulse mode, which means that the RF system performs the
same action repeatedly. The ILC algorithm is very
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effective in removing repetitive disturbances in a system
that has repetitions. DOB control is a good choice for
managing unpredictable disturbances, such as microphon-
ics. This control method has been successfully applied to
the LLRF system of the cERL, which is a continuous wave
mode facility [5, 17-19]. Although DOB control is effec-
tive for both repetitive disturbances and other unpre-
dictable disturbances, the effective bandwidth is usually
limited by the bandwidth of the Q-filter. In view of this
situation, we are motivated to combine the advantages of
these two control approaches to cancel all the repetitive
and unpredictable disturbances. The combined method is
discussed in the following section.

3 Principles of ILC and DOB control

In this section, we briefly introduce the principles of ILC
and DOB control.

3.1 Principle of the ILC algorithm

Consider a discrete-time system Gp in the jth trial:

ik + 1) = Ax (k) + By (k) "

(k) = Cx(k) ’
where the matrices A, B, and C describe the discrete-time
system in the state space, and x;(k), u;(k), and y;(k) are the
state, control, and output variables, respectively. The sub-
scripts “j” and “k” represent the iteration index and time
index, respectively.

A widely used ILC learning algorithm is [12, 13]

w11 (k) = Q¢ [5(k) + Lies (k)] (2)

where Q1 ¢ and L are defined as the Q-filter and learning
function, respectively.

Figure 4 illustrates the learning process of the ILC
algorithm used in an LLRF system with pulse mode
operation (e.g., the LLRF system at the International Lin-
ear Collider and STF). In the jth trial, the cavity error
signal e;(k) is learned using the learning function L. The
result L(¢;) is added to the jth control signal u;(k). The
combined signal was filtered using a Q-filter. The Q-filter is
usually a low-pass filter employed to enhance the robust-
ness of ILC. The output signal was then updated using the
filtered signal. In the (j + 1)th trial, the cavity signal is
detected first, and then this is compared with the given
reference signal r to calculate the new error signal, e (k).
This algorithm was implemented at each repetition, and the
tracking accuracy was improved in this iterative process.

A block diagram of the ILC algorithm is presented in
Fig. 5. In the ILC algorithm, the learning function L and Q-
filter Qqy ¢ are very significant. For the learning function,
the simplest L is a proportional gain P. In this case, the
learning updated algorithm in Eq. (2) is simplified as

uj+1 (k) = O ¢ [ui(k) + Pe; (k)] (3)

The algorithm shown in Eq. (3) is defined as a P-type ILC.
In our study, we first applied a P-type ILC because of its
ease of design and implementation. Many advanced ILC
algorithms, such as higher order ILC, Hy-based ILC,
plant-inversion-based ILC, and optimization-based ILC,
have been proposed for performance improvement, fast
convergence rate, and robustness [12, 13]. A norm-opti-
mization-based ILC was applied at DESY [10, 11]. In our
study, we selected the plant-inversion-based ILC algorithm
owing to its fast convergence rate. The algorithm of a
plant-inversion-based ILC can be expressed as [12, 13]

w1 (k) = OpLc [:(k) + Gp' e (k)] (4)

where Gn(z) represents the nominal model of the actual
system Gp(z). The learning function is L = Gy'(z). To
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i Sample M Sample
g E / e, (k)
A Output [N
Iteration J Iteration

Fig. 4 (Color online) Principle of the ILC algorithm in the LLRF system
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Fig. 5 (Color online) Architecture of the ILC FF algorithm in the
LLRF system

avoid poor transients caused by model uncertainty, the
bandwidth of the Q-filter should be set to a sufficiently low
frequency [12].

It should be mentioned that the Q-filter and learning
function can be noncausal. For example, we can define the
Q-filter as a zero-phase low-pass filter, which is a non-
causal filter that allows for high-frequency attenuation
without any phase lag [12]. The transfer function of the
zero-phase conventional finite impulse response (FIR) filter
is given by

H(z) = ki bz, (5)
k=—N

where by is a vector of coefficients that are symmetric
about k = 0. For comparison, the transfer function in the
case of the conventional FIR filter is

H(z) =) at, (6)

where ¢, is the coefficient of the filter. The reason for
applying a zero-phase filter is to reduce the final error
levels of the steady state [26]. Figure 6 compares the fil-
tered error signals using different filters. The conventional

- Raw data
—FIR
| ——Zero-Phase FIR |

Phaée Lag

0.74

07 072

0 0.2 0.4 0.6 0.8 1
Time [ms]

Fig. 6 (Color online) Comparison of different filters. The zero-phase
FIR filter (in blue) provides better performance than the usual FIR
filter (in red)

FIR filter is of the 30th order and has a 50-kHz bandwidth.
The zero-phase FIR filter is of the same order and band-
width as above. The sampling rate is ~ 1 MHz in our case.
The phase difference can be observed in the output of the
conventional FIR filter and the zero-phase FIR filter. The
MATLAB function filtfilt was used to construct the zero-
phase filter [27].

3.2 DOB control

DOB control was originally proposed in [15]. The key
component of DOB control is a disturbance observer cap-
able of estimating the disturbances of the system. The
structure of DOB control is illustrated in Fig. 7. Signals c,
e, d, and d represent the control, plant input, disturbance,
and disturbance estimate, respectively. Models Gp and Gn
represent the transfer functions of the real and nominal
system models, respectively. Here, the Q-filter Opop is
used to make Gp' physically realizable. According to
Fig. 7, the disturbance estimation is given by [5]

d = Qpog|(e +d)G,G, " —¢]. (7)

If the system model is highly accurate (Gn =~ Gp), it can be
clearly seen that d =~ Opopgd. If the Q-filter Opop is a

low-pass filter with a gain of 1, we have d ~ d in the low-
frequency domain; therefore, we can use this disturbance
estimate d to cancel the real disturbance (in the low-fre-
quency domain), as shown in Fig. 7.

If the plant model Gp is accurate enough, the closed-
loop transfer functions from d to y (plant output) in the case
of PI + DOB control is given by [5, 20]

HpripoB.d—y ~ (1 — 0z ") Hpra—y, (8)

where z 7% represents the loop delay, and Hpjq4_y is the

closed-loop transfer function from d to y in the case of PI
control.

Because the cavity half-bandwidth (fps ~ 130 Hz) is
much smaller than other RF components in the plant, and
the cavity detuning (during the flat-top acceleration of the
RF pulse) is well compensated by the resonance control

& + d Plant
¢ D »o—
A + Gp (S)
ey |
I Fil !
I QD()B(S) -t Inv + Fil |
! . Opos (S)G;l (S) I
| d |

Fig. 7 (Color online) Principle of DOB control with a Q-filter
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system, the transfer function of G, can be simplified to Bode plot of 1 — Q- 27~ 20 Hys of Hyyy
(5, 20]
20
27fo.s 0
Gu(s) = : 9 = 0 =
() = ® g =
%b -20 '%b -60
where plant gain was normalized to O dB. The assumed = 40 =
restrictions of the mismatch in Gp and the uncertainties in 60 0
plant Gp are listed in Table 1. The P gain was set to 100, <0 100
10° 107 10* 10° 10° 10? 10* 10°

while the I gain was set to 130 - 27 to cancel the pole in the
plant. These gain settings were kept the same in the case of
PI and P control and PI + DOB and P + DOB control.
Under these assumptions, the magnitude responses of 1 —
Qz ' and H,_, are illustrated in Fig. 8. DOB control
exhibits better performance in terms of disturbance rejec-
tion in the low-frequency region.

The bandwidth of Opnp restricts the effective band-
width of DOB control. DOB control does not work if the
frequency of the disturbance is larger than the bandwidth of
OpoB- The determination of Qppp is a compromise
among performance, robustness, and complexity.

During cERL beam commissioning, this DOB control
method was demonstrated by successfully compensating
the beam loading, as well as by successfully suppressing
the power supply ripples and microphonics [5, 20]. It
should be mentioned that the disturbances in the cERL are
mainly concentrated in the low-frequency domain (less
than several kilohertz).

4 Combined control approach

In our design, we incorporated the ILC algorithm and
DOB control with the traditional P controller. An overall
control block diagram is shown in Fig. 9.

The model Gp(s) represents the transfer function of the
actual plant that needs to be controlled (a combination of
an RF cavity, RF sources, a preamplifier, an I/Q detector, a
digital filter, etc.). In practice, this model can be acquired
using a modern system identification method [10]. The
model e~*T¢ represents the time delay in the plant. The ILC
algorithms indicated by the blue block are mainly used to
compensate for the repetitive errors. DOB control

Table 1 Restrictions and uncertainness in the system

Item Value
Mismatch of plant gain 10%
Mismatch of cavity half-bandwidth 10%
Mismatch of loop delay 50%
Detuning offset —100 Hz
Calibration error of loop phase 10°

@ Springer
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Fig. 8 (Color online) a Magnitude response of the block (1 — Qz71).
b Upper boundary for the singular values of the closed-loop transfer
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Fig. 9 (Color online) Overall model of P + DOB + ILC control. The
presented ILC algorithm and DOB control are indicated by the blue
and red blocks, respectively

(indicated by the red block) as well as the traditional P
control are mainly used to suppress unpredictable errors.
As discussed above, we adopted a plant-inversion-based
ILC in our design. It should be noted that. in the combined
control algorithm, the learning function L is no longer
equal to Gy ! The overall system needs to be considered,
and the ILC algorithm is modified as follows [13]:
WHC (k) = o [ MC k) + T, Iej(k)}v

J

(10)

where T, represents the closed-loop transfer function

matrix from the ILC control signal u LC o the plant output

j1+1
f(k). The learning function is defined as L = T, !. Note that
the transfer function 7, may be different in cases with and
without DOB control. Accordingly, the learning function
should be updated accordingly. The model Qyy (z), which
is the Q-filter of the ILC algorithm, is selected as a 30th-

order zero-phase FIR filter. The model Opog(2)
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represents the Q-filter of DOB control. To find a balance
between controller complexity and performance, we
selected a second-order infinite impulse response (IIR)
filter for Opop- The model z~* in DOB control was used
to compensate for the actual time delay Tj3. The FB con-
troller is a simple P controller with a gain of Kp. DOB
control and P control were implemented in the FPGA,
whereas the ILC algorithm was calculated using
MATLAB, and the results were sent to the FF tables (in the
FPGA) via the Experimental Physics and Industrial Control
System.

Finally, the stability of the combined control needs to be
discussed briefly. The robust stability of DOB control was
confirmed by [5, 28-30]

1A(z)2poB (@)l < 1 (11)

where A(z) describes the uncertainties in the plant. A
detailed analytical study of DOB control can be found in
[5, 20, 28-30]. Figure 10 shows H,, of P + DOB control in
terms of different values of fQ’ poB (with a 3-dB band-
width of Opop)- The restrictions are listed in Table 1.
According to Fig. 10, we usually limit fQ’ DOBRB to be <20
kHz.

A sufficient condition for the asymptotic stability of the
ILC algorithm is [12, 13]

121! = L&) Tu(2)]ll < 1. (12)

Setting Q71 ¢ as a low-pass filter with a gain of <1 will
enhance the stability region of the ILC algorithm. Fig-
ure 11 shows plots of H,, of P + DOB + ILC control in
terms of different values of fQ’ ILC (with a 3-dB band-
width of O ). Here, we assume that Oy ¢ is the 30th-
order zero-phase FIR filter mentioned above. fQ’ DOB Was

Ha. of A(3)Q(s)

Mag.[dB]
2

fifQ,DOle kHz
7fQ,DOB:5 kHz
7fQ,DOB:20 kHz

-80

-loop fo.005=50 kHz
-120 ‘ ‘
10° 10° 10* 10°

Frequency [Hz]

Fig. 10 (Color online) H,, norm of A(s)Qpop(s). The restrictions
for the uncertainties are listed in Table 1

S5F
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_— fQJLC:lO kHz
— fQ.[LCZQO kHz

S e=50 kHz
7fQ,ILC:100 kHz
20 ‘ ‘ ‘
10 10° 10* 10°

Frequency [Hz]

Fig. 11 (Color online) H,, norm of Eq. (10) determined by assuming
that Oy ¢ is the 30th-order zero-phase FIR filter

set to 3 kHz. The function L was set to 0.27,!. It can be
seen that the system is subjected to a risk of instability if
fQ ILC > 100 kHz.

S Experimental verification

P + DOB control was confirmed in the STF at KEK in
the absence of the beam. The P + DOB + ILC method was
demonstrated by a cavity-simulator-based test bench in
which a simulated beam current was available [31, 32].

5.1 Experiment on the STF SC cavity

In the STF, cavities #1 and #2 were selected to
demonstrate P + DOB control. The ILC algorithm was not
included because of the absence of a beam. The loaded Q
values of these two cavities were ~ 4.6 x 10°. The Q-filter
Opop in the DOB controller was a second-order IIR filter
with a 5-kHz bandwidth.

Figure 12 compares the performance of the LLRF sys-
tem operated with a 22.5 MV/m accelerating field
(Eacc =~ 22.5 MV/m) under P control and P + DOB con-
trol. P and DOB control were activated during the filling
time and flat-top time. The same loop gain (Gloop) of 150

and the same time-independent FF model were applied in
both cases. In the case of P control, there is a tilt in the flat
top of the cavity field (vector sum) for both amplitude and
phase [33]. The reason for this tilt is not yet well under-
stood. Possible sources are the LFD effect, the high-voltage
power supply, and the clock distribution system. It appears
that the LFD effect is not the main reason because the tilt
exists even after activating the piezo tuner. In the P + DOB
case, this tilt error is well compensated for by DOB control.
The amplitude and phase stability of the vector-sum signal
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Fig. 12 (Color online) Comparison of the LLRF system under P
control (in blue) and P + DOB control (in green) operated with a 22.5
MV/m field. The tilt appearing in the P control is well compensated
by P + DOB control. The piezo was not activated in this experiment

(after a 250-kHz IIR filter [34]) in the flat-top profile is
0.005% (RMS) and 0.01°. (RMS), respectively. During RF
commissioning, we found that the output power of the RF
source was slightly increased because the noise level was
enhanced by Gﬁl [20]. This situation can be improved by
reducing fQ’ DOB: & compromise is therefore required.
Figure 13 shows the pick-up signal of cavity #1 (indi-
vidual control) with a 30 MV/m accelerating field

x 10
2.5 x10°
Al 2 Jf\\&ﬁm:.»mw@mnﬁwﬁwgl H
— : | |
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31l : [
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- 112 14 16
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Fig. 13 (Color online) Comparison of the LLRF system under P
control (in blue) and P + DOB control (in green) operated with a
30 MV/m field. The tilt appearing in the P control is well
compensated by P 4+ DOB control. The piezo is activated to
compensate for the LFD effect in the flat top
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(Eacc =~ 30 MV/m) under P control and P + DOB control.
Because of the huge LFD in the rise time, both P and DOB
control start from the end of the rise time and keep acti-
vating during the entire flat-top time. Furthermore, to
reduce the required klystron power during the filling time,
the LFD effect was compensated for by using a method
known as filling on resonance [35]. The loop gain Gloop

was set to 100 to secure a compromise between perfor-
mance and robustness. The piezo tuner was activated to
compensate for the LFD effect in the flat-top region. The
tilt error that appeared in P control was well compensated
by P + DOB control. The stabilities of the amplitude and
phase signals (after a 250-kHz IIR filter) were ~0.01%
(RMS) and 0.02° (RMS), respectively.

It should be mentioned that we can improve system
performance by adopting higher PI gains; however, higher
gains lead to a deteriorated stability in the RF field because
of the enhancement of the noise level of the high-frequency
components [20]. In addition, higher gains also decrease
the phase margin and increase the risk of an unstable loop
[36]. However, DOB control will not significantly influ-
ence the characteristic polynomial (and gain margin) of the
system according to the analytical study in Refs. [5, 20].

5.2 Experiment on a cavity simulator

To demonstrate the ILC algorithm in the presence of a
beam, we established a cavity-simulator-based test bench
[31, 32] with two FPGAs, as shown in Fig. 14. FPGA #1
was used as the cavity simulator. The main components of
the simulator include the cavity baseband models for the
fundamental mode (n mode) and parasitic modes (87/9
mode), a mechanical model of the LFD, a klystron model,
and models for the beam current and microphonics. The
parameters of the cavity and RF system were selected
mainly based on the STF facility (O ~ 4.6 x 10°, 1.65-
ms RF pulse, and 5-Hz repetition rate). The accelerating
field was selected to be ~25 MV/m. FPGA #2 imple-
mented combined control algorithms including P control,
DOB control, and the ILC algorithm. For convenience, the
loop gain Gloop and P gain Kp were adjusted to be

approximately the same. It should be mentioned that the
calculation of the main ILC algorithms was performed in
MATLAB. The calculation result is returned to FPGA #2
using the Experimental Physics and Industrial Control
System. To achieve a better transient performance, these
three controllers were activated with different timelines, as
shown in Fig. 15. The P gain Kp was gradually increased
from O (at the beginning of the filling time) to 150 (at the
beginning of the flat top) and remained constant in the flat-
top region. DOB control was activated in the latter part of
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Fig. 14 (Color online) Cavity-simulator-based test bench. FPGA #1 implements the cavity simulator, while FPGA#2 realizes the presented

combined algorithms
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Fig. 15 (Color online) Activation time of each control method in the cavity-simulator-based test bench

the filling time, as well as during the entire flat-top time.
ILC was activated only during the flat-top time.

We carefully selected the scale of the microphonics and
the LFD to simulate the real STF environment. A trape-
zoidal 3.5-mA beam current (average beam) with a very
steep edge (4 us) was introduced into the cavity simulator.
The beam width was ~ 700 ws, and it was assumed that the
beam was operated nearly on-crest (i.e., beam phase ~ 0).
Furthermore, the amplitude of the beam was modulated to
simulate beam fluctuation (AA/A = £10% peak to peak;
see Fig. 15).

The plant-inversion-based ILC and a zero-phase FIR
filter were adopted in our design. To obtain a better

transient response, the algorithm in Eq. (10) was modified
as follows:

u5Cw) = o [0 + aT, ek +ng)|. (13)
where the parameter o is the gain of the ILC. The selection
of o is a compromise between convergence rate and per-
formance. The term ny is used to compensate for the loop
delay in the system.

The iteration process of ILC control is shown in Fig. 16.
The notation “j” represents the iteration index. The FF
table was modified gradually for better beam compensation
from pulse to pulse, and the beam-induced voltage became

increasingly lower. u/Q and fI/Q represent the 1/Q

@ Springer
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Fig. 16 (Color online) I/Q components of the plant input (u] and uQ)

e

and output (fi and fQ) signals. The notation “j” represents the

iteration index. The parameter « is 0.2

components of uJI}lC (k) + FF and f(k), respectively (see
Fig. 9).

Figure 17 compares the performance of P control, P +
DOB control, P + ILC, and P + DOB + ILC. The beam
conditions, disturbance level (microphonics), system gains
(Gloop ~ 150), and the initial FF table were exactly same

in all of these four cases. In the P control case, a very clear
beam-loading effect can be observed (~ — 0.25%) in the
amplitude and a tilt appears in the waveform of the phase
(mainly caused by the LFD effect). In the P 4 DOB case,
the tilt is well compensated in the phase, but the beam-
loading effects in the amplitude still exist in the heads and
tails of the beams. The main reason for this is that the
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Fig. 17 (Color online) Comparison of the different control methods.
The parameter « is 0.2
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bandwidth of DOB control is limited by the Q-filter, which
is ~3 kHz in our case. The very steep edge of the beam
includes several high-frequency components, which cannot
be compensated for by DOB control. In the P 4+ ILC case,
beam-loading effects are well compensated by the ILC
algorithm, but a small tilt still exists in the phase, mainly
because the microphonics and the 10% beam fluctuations
are different from pulse to pulse. In the P + DOB + ILC
control case, both the beam-loading effects and the phase
tilt are perfectly compensated. It was found that application
of the zero-phase filter (O ) improves the performance
of the ILC algorithm, as shown in Fig. 18. The cavity pick-
up signals in the steady state were compared with the 30th-
order conventional FIR filter and zero-phase FIR filter
(with 0 dB gain). A large error remains in the phase of the
conventional FIR case but is almost removed by the zero-
phase FIR filter.

The cutoff bandwidth of the zero-phase filter Qpj - was
selected based on Fig. 19. For a bandwidth of 10 kHz, the
performance was poor; however, for a bandwidth as high as
120 kHz, the system could become unstable owing to the
uncertainties in the model. This result is consistent with
Fig. 11. According to Fig. 19, the bandwidth of Q1 - was
set to 70 kHz in our design.

Figure 20 compares the convergence rate for different
learning functions. The blue line is the plant-inversion-
based ILC with the same learning algorithm in Eq. (13),
whereas the red line is the P-type ILC with the learning
algorithm in Eq. (3). The parameter o was ~0.4 in the
plant-inversion-based ILC. For a fair comparison, the
proportional gain P in the P-type ILC was set to O.4G100p.

It can be clearly seen that plant-inversion-based ILC has a
faster convergence rate, as expected.
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Fig. 18 (Color online) Comparison of the zero-phase FIR (in red) and
conventional FIR (in blue) filters. The parameter o is 0.2 in both cases
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Fig. 20 (Color online) Comparison of plant-inversion-based ILC and
P-ILC. The parameter o in plant-inversion-based ILC is 0.4, whereas
the parameter kp in P-type ILC is set to 0.46100p

6 Summary

To compensate for both the repetitive and nonrepetitive
disturbances in the RF system of the International Linear
Collider project, we incorporated the ILC algorithm and
DOB control in the traditional P FB control system. This
new P 4+ DOB + ILC method is expected to improve the
performance of the system. The PI 4 DOB-based control
was verified in the STF in the absence of a beam. The tilt
errors in the cavity field were successfully removed by
using the P + DOB method. We constructed an LLRF test
bench with an FPGA-based cavity simulator to demonstrate
the validity of the combined P + DOB + ILC approach for
beam-loading compensation. A trapezoidal beam with a
steep edge was introduced into the simulator. The results
demonstrated that the P + DOB + ILC method combined
the advantages of both ILC and DOB and that repetitive
disturbances (e.g., beam loading and LFD) and nonrepeti-
tive disturbances (e.g., microphonics) were well
compensated.
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