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A disturbance observer (DOB)-based control for a digital low-level radio-frequency (LLRF) system in a
compact energy recovery linac (cERL) at KEK has been developed. The motivation for this control
approach is to compensate for or suppress the disturbance signal in the rf system such as beam loading,
power supply ripples, and microphonics. Disturbance signals in specified frequency ranges were observed
and reconstructed accurately in the field-programmable gate array and were then removed in the
feedforward model in real time. The key component in this DOB controller is a disturbance observer,
which includes the inverse mathematical model of the rf plant. In this paper, we have designed a DOB
control-based approach in order to improve the LLRF system performance in disturbance rejection. We
have confirmed this approach in the cERL beam commissioning.
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I. INTRODUCTION

In KEK, a compact energy recovery linac (cERL), which
is a test facility for future 3 GeV ERL accelerators, was
constructed [1,2]. The cERL is a 1.3 GHz superconducting
radio-frequency (SCRF) machine that is operated in
continuous-wave (cw) mode [3]. A total of three two-cell
cavities were installed in the injector, and two nine-cell
cavities were installed in the main linac [4,5]. The layout of
the cavities and the rf source is illustrated in Fig. 1. In order
to fulfill the desired beam quality requirements, the rf field
fluctuation should be maintained at less than 0.1% for the
amplitude and 0.1° for the phase. For future 3 GeV ERL,
these requirements are even tighter (0.01% for the ampli-
tude and 0.01° for the phase). A field-programmable gate
array (FPGA)-based digital low-level radio-frequency
(LLRF) system has been employed to regulate and control
the rf field [6].
In a LLRF system, disturbances such as microphonics,

power supply ripples, and beam loading will severely limit
the system performance. For instance, in the LLRF systems
of the cERL, main disturbances include the 300 Hz high-
voltage power supply (HVPS) ripples in the two-cell
cavities of the injector and the microphonics (with dom-
inant 49.6 Hz) in the nine-cell cavities of the main linac
[6,7]. Furthermore, during the beam commissioning,
approximately 1.6 ms and 1 mA beam current in burst

mode is operated. In principle, the beam current under burst
mode is repetitive and predictable, therefore, the beam-
loading profile can be prestored and then removed from the
feedforward (FF) model. However, at cERL LLRF systems,
the FF model inside the FPGA is simplified as a single
register, which means, a prestored array (table) for beam
compensation is not available actually. Thus, the beam
loading is another disturbance that needs to be considered
at cERL [2,8]. Table I summarizes the main disturbances of
each cavity at cERL.
In principle, the disturbances can be rejected or com-

pensated for by applying higher feedback (FB) gains.
However, owing to the existence of the loop delay, the
FB gains cannot be increased beyond certain limits. In view
of this situation, a disturbance observer-based (DOB)
control is a promising approach for suppressing the
disturbances [9–20]. This approach was first introduced
by Ohnishi [9] and refined by Umeno and Hori [11]. The
disturbances in the specified frequency range (e.g., DC to
5 kHz) are observed and regenerated by the DOB controller
and are then subtracted from the FF model. Because the
disturbance signal is normally concentrated in the low-
frequency bands (less than 5 kHz) in the cERL LLRF
system and because prior knowledge of the system model is
known to some extent, the disturbance signal can be
estimated and then removed reliably. Therefore, the restric-
tion of high FB gain control can be relaxed. In the cERL
beam commissioning, we have successfully suppressed
disturbances such as the 300 Hz power supply ripples, the
1 mA, 1.6 ms beam loading, and the microphonics by
applying this proposed DOB approach.
This paper focuses on the principle, design, and imple-

mentation of the DOB control approach mentioned above.
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The improvement of this DOB-based application at cERL
in terms of regulation performance is presented as well. The
organization of this paper is as follows. Section II briefly
introduces the structure of the LLRF in the cERL.
Section III describes the principle and structure of the
DOB control. Section IV depicts the FPGA implementation
of the DOB control. Section V presents the analytical
method and some simulation results of the controller with
Matlab. Section VI presents the results of that controller
in cERL commissioning and the improvement of the
controller as compared to traditional proportional and
integrational (PI) controls [21]. In addition, Sec. VI also
summarizes the limitations of this method. Finally, Sec. VII
summarize this DOB control-based approach.

II. LLRF SYSTEM

A simplified block diagram of the cERL LLRF system is
shown in Fig. 2. The 1.3 GHz rf signal (from cavity probe)
is down-converted to a 10 MHz intermediate frequency (IF)
signal. The IF signal is sampled in the next stage at 80 MHz
by a 16-bit analog to digital converter (ADC, LTC2208)

and fed into a field-programmable gate array (FPGA). The
base-band in phase and quadrature (I/Q) components are
extracted from the digitalized IF signal by a digital I/Q
detection model [22]. The notation “I/Q” derives from fact
that any sinusoidal signal can be represented by either polar
(amplitude/phase) or by Cartesian coordinates. A sinusoi-
dal signal yðtÞ ¼ A sinðωtþ ϕ0Þ with amplitude A, radian
frequency ω, and an initial phase ϕ0, can be decomposed
into its sin and cos component by basic trigonometric
functions [23]:

yðtÞ ¼ A sinðωtþ ϕ0Þ
¼ A cosϕ0|fflfflfflffl{zfflfflfflffl}

I

sinðωtÞ þ A sinϕ0|fflfflfflffl{zfflfflfflffl}
Q

cosðωtÞ: ð1Þ
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FIG. 2. LLRF system diagram in the cERL at KEK. SW1
marked in the figure provides the hand-off between the FF and FB
operations.
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FIG. 1. Layout of the cERL. The cavities, rf source, and beam energy are presented in the figure. The marked values of the beam
energy and electric field indicate the current state during beam commissioning.

TABLE I. Main disturbances of the superconducting (SC)
cavities at cERL.

Cavity Main disturbance

Injector 1 Beam loading and microphonics
Injector 2 Beam loading and the 300 Hz HVPS ripples
Injector 3 Beam loading and the 300 Hz HVPS ripples
Main linac 1 Microphonics
Main linac 2 Microphonics (dominant 49.6 Hz)
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The amplitude of the sin component and the cos component
is then defined as the in-phase component (I) and the
quadrature-phase component (Q). The I/Q signals are fed
into a 2 × 2 rotation matrix to correct the loop phase. After
being filtered by infinite impulse response (IIR) low-pass
filters, the I/Q components are compared to their set values
and the I/Q errors are calculated. Then, the I/Q errors are
regulated by a proportional-integral (PI) controller. The
processed I/Q signals are added to their corresponding FF
models. The combinational signals are fed into the I/Q
modulator by a 16-bit digital to analog converter (DAC,
AD9783) to modulate the 1.3 GHz rf signal from the
oscillator. Finally, the LLRF feedback loop is closed by
driving a high-power source, which drives the cavities.
There are two basic operation modes in the LLRF

system: the FF operation and the FB operation. In an FF
operation, the FF model directly drives the high-power
source without responding to how the cavity reacts. In
contrast, in the FB operation, the high-power source is
driven only by the PI controller output without activating
the FF model. In the cERL, the FF operation is mainly used
to preliminarily establish a rough rf field in a cavity,
whereas the FB operation takes charge of high-precision
field control. The FF/FB operation is denoted as SW1
in Fig. 2.
A typical rf system is subjected to various disturbances.

Typical sources include known disturbances such as HVPS
ripples, Lorentz detuning and beam loading, and unknown
disturbances such as microphonics and master oscillator
phase noise. To achieve the best performance, structures
and parameters of the FB controller need to be carefully
selected, e.g., the PI gain needs to be optimized by a gain-
scanning experiment [24–27]. Generally speaking, an
optimized PI controller works well for rejecting the low-
frequency disturbances such as the microphonics at 10 Hz.
However, in the presence of higher frequencies and larger-
intensity disturbances (e.g., 300 Hz PS ripples and 1.6 ms
beam currents), even an optimized PI controller is usually
not sufficient. This paper describes our experience with
applying a successful solution to disturbance rejection
problems known as “disturbance observer-based (DOB)
controls.”

III. DOB CONTROL

The basic architecture of DOB control is illustrated in
Fig. 3(a) [9,10,12,17]. Signals u, ε, d, and d̂ represent the
command, plant input, disturbance, and disturbance esti-
mate, respectively. Models GpðsÞ and GnðsÞ represent the
transfer function of the real plant (combination of cavity, rf
sources, preamplifier, I/Q detector, etc.) and nominal plant
model. According to Fig. 3(a), the disturbance estimation is
given by [17]

d̂ ¼ ðεþ dÞGpðsÞG−1
n ðsÞ − ε: ð2Þ

Therefore, if the nominal plant model is accurate enough,
GpðsÞ in (2) will be canceled out byG−1

n ðsÞ. As a result, the
disturbance signal d can be reproduced by d̂. After
removing d̂ from the control signal u, the disturbance
signal d would be compensated by d̂. That is the basic idea
of DOB control.

A. Principle of DOB controller

Usually, the relative degree (the difference between the
order of the denominator and the order of the numerator in a
system) of GpðsÞ is greater than zero. This leads to an
anticasual inverse model, which is not physically realiz-
able. This problem can be resolved by connecting
G−1

n ðsÞ with a low-pass QðsÞ filter, as shown in Fig. 3(b)
[10,17–19]. To make the overall combination QðsÞG−1

n ðsÞ
remain casual, the relative degrees of the Q filter must be
greater than or at least equal to that of GnðsÞ. The
determination of the Q filter is a compromise between
performance, robustness, and complexity. A good candi-
date is given by [11,12,19,20]

QnmðsÞ ¼
P

n
k¼0 αk · ðτsÞk
ðτsþ 1Þm ; αk ¼

m!

ðm − kÞ!k! ; ð3Þ

where τ is the filter time constant, αk ¼ m!
ðm−kÞ!k! is the

binomial coefficient, and m and n are the order of the
denominator and numerator, respectively. The low-pass Q
filter is significant because it not only restricts the effective
bandwidth of the DOB controller, but also determines the

(a)

(b)

FIG. 3. Architecture of DOB control: (a) the basic structure of
DOB control, (b) DOB control with Q filter and time-delay
compensation unit.
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robust stability of the system [17]. The detailed discussion
of the Q filter will be presented in a following paper
(see Sec. V).
Another issue which needs to be considered is the time

delay. The actual rf plant has the time delay, Td, and it should
be also considered in the real application. Figure 3(b)
provides the architecture of the DOB control in an actual
system [15,17,20], the DOB controller is indicated by the red
block. The QðsÞ in Fig. 3(b) is the low-pass Q filter
mentioned above, and the nominal time delay Tn is used
to compensate the actual plant delay, Td. In a following
paper, we will discuss each component in detail.

B. Design of DOB controller

From the discussion above, the nominal system model
(open-loop models from FF to IIR filter output in Fig. 2
under FF operation) GnðsÞ is required in the DOB control.
This model can be acquired by a modern system identi-
fication method [28]. Generally, the identified model of the
LLRF system is a multi-input multi-output (MIMO) sys-
tem. For example, a classic mode of an LLRF system in
transfer function form is given by a 2 × 2 transfer function
matrix:

GnðsÞ ¼
�
G11ðsÞ G12ðsÞ
G21ðsÞ G22ðsÞ

�
; ð4Þ

with transfer functions

GijðsÞ ¼
bij;msm þ bij;m−1sm−1 þ � � � þ bij;0

sn þ aij;n−1sn−1 þ � � � þ aij;0
; ð5Þ

where the orders m and n are determined by an identi-
fication algorithm.
The inverse transfer function of GnðsÞ given by (4) and

(5) can be calculated by MATLAB. In principle, theG−1
n ðsÞ is

also MIMO structure as shown in (4) and (5). However, in
the cERL, the Lorentz force detuning effect is not serious
due to the cw mode operation, and the detuning is well
controlled by the piezo tuner [6,29]. That is to say, the
cavity is worked almost in the on-resonance case and the
cross-coupling components of (4), G12ðsÞ and G21ðsÞ, can
be neglected.
Furthermore, the cERL project has adopted supercon-

ducting cavities that are operated in cwmode. The loaded Q
value (QL) of the cavities is usually rather high (e.g., the
loaded Q of the cavities in the main linac is more than 107),
which means, the corresponding cavity half-bandwidth,
f0.5, is very low according to

f0.5 ¼
f0
2QL

; ð6Þ

where f0 is the resonance frequency of the superconducting
cavity (f0 ¼ 1.3 GHz in cERL). Generally, the bandwidth

of a cavity is much smaller than other components such as
the I/Q modulator, the power source, and I/Q detector. In
this case, the only dominant poles of the open-loop model
are contributed by the superconducting cavity, i.e., in the
diagonal components of (4). The transfer functions, G11ðsÞ
and G22ðsÞ, can be then simplified by

G11ðsÞ ¼ G22ðsÞ ¼ Gff ·
2πf0.5

sþ 2πf0.5
; ð7Þ

where the parameter Gff is the plant gain in the LLRF
system (amplitude gain from FF to IIR filter output at
steady state in Fig. 2 under the FF operation).
Therefore, the previous 2 × 2 matrix in (4) is simplified

to

GnðsÞ ¼ Gff ·

 2πf0.5
sþ2πf0.5

0

0 2πf0.5
sþ2πf0.5

!
: ð8Þ

Correspondingly, the inverse transfer function, G−1
n ðsÞ, is

then given by

G−1
n ðsÞ ¼ 1

Gff

 sþ2πf0.5
2πf0.5

0

0 sþ2πf0.5
2πf0.5

!
: ð9Þ

It is clear to see from (8) and (9) that the only two
parameters we need to identify are the cavity half-band-
width, f0.5, and the plant gain,Gff. According to analytical
study and the experience in the beam commissioning, the
robustness of the DOB controller is strong enough, that is,
even rough identification of the system model achieves
good system performance. Since the system half-
bandwidth, f0.5, can be calculated by (6) directly (the
loaded Q value is usually known in advance), the plant gain
can be easily calibrated as well. This means that we can
design the DOB controller even without performing the
system identification experiment.
The Q filter indicated by (3) and Fig. 3(b) is another key

point in our controller design. As discussed above, the
combination of the Q filter and the nominal model, GnðsÞ,
should be casual. Therefore, according to the expression in
(7), the relative degree of QðsÞ should be greater than or
equal to 1 (that is, m − n ≥ 1). The values of n and m
should not be too large, otherwise the cost of the FPGA
implementation becomes too high. The final form of the Q
filter is given by a 2 × 2 matrix:

QðsÞ ¼
�
QnmðsÞ 0

0 QnmðsÞ

�
: ð10Þ

The nominal plant delay, Tn, is identified by exciting the
LLRF system with a square wave in the DAC output [26]
under FF operation, and the measured plant delay is
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approximately 1 μs according to our experiment. Because
the frequency of the interested disturbance signal is less
than 5 kHz, the effects of this 1 μs delay are not serious.
In our study, we just selected Tn ¼ 1 μs as our nominal
plant delay.

Up to now, the components of the DOB controller have
been described in detail. Finally, we will integrate the DOB
controller shown in Fig. 3(c) with the PI controller. Figure 4
shows the combination of DOB control and PI control. The
outputs of the DOB controller are connected to the FF
model directly to assist the PI control. To distinguish the
continuous time domain and discrete time domain of an
actual digital LLRF system, we use the notation “t” and “s”
for the former case, and “k” and “z” for the latter case.
The definition of each parameter and model is summa-

rized in Table II. The IIR filter, FðzÞ, is used to suppress the
high-frequency noise, n (e.g., ADC clock jitter, white
noise) and other resonance modes of cavities [25].
Generally, the bandwidth of FðzÞ is far larger than
GpðzÞ and QðzÞ. Usually, we need to calibrate the loop
phase of the LLRF system, and in principle, the loop phase
can be compensated by the phase rotation matrix in Fig. 2,
however, residual error of the loop phase still exists in the
system. Therefore, we add an rotation model ejδθ to
simulate this case in Fig. 4. The δθ here indicate the
residual phase calibration error. The model GTn

ðzÞ here is
the discrete form of the nominal delay model in Fig. 3. The
switch “SW2” engages the enable/disable operation of the
DOB controller (indicated by the red block in Fig. 4),
whereas “SW1” takes charge of the FF/FB operation.

IV. IMPLEMENTATION OF DOB
CONTROLLER IN FPGA

In order to implement the DOB controller in FPGA, we
have to convert the DOB controller in continuous-time
form to its discrete-time form. We will define our method
for the continuous-time to discrete-time conversion in
detail.
The digital form of the simplified nominal rf model,

GnðsÞ, in (8) is given by

GnðzÞ ¼ Gff ·

0
B@ ð1−βÞz−1

1−βz−1 0

0
ð1−βÞz−1
1−βz−1

1
CA: ð11Þ

Here, we match the pole in (8) and (11). Since the pole in
(8) is sp ¼ −2πf0.5 inGnðsÞ, the pole zp ¼ β in (11) can be
defined by

zp ¼ β ¼ espTs ¼ e−2πf0.5Ts ; ð12Þ

where the parameter Ts is a sampling period of the FPGA
board in the LLRF system. The difference equation of
G−1

n ðzÞ inside FPGA is then expressed as

yðk − 1Þ ¼ xðkÞ − βxðk − 1Þ
ð1 − βÞGff

; ð13Þ

FIG. 4. Overall model of “PIþ DOB” control. The presented
DOB controller is indicated by the red block. Detailed definitions
of each parameter are given in Table II.

TABLE II. Definition of the parameters and models in Fig. 4.

Parameters Definition

yðtÞ Cavity pickup signal
pðtÞ DAC output signal
dðtÞ Disturbance signal
gðtÞ Cavity input signal
nðtÞ Measurement noise signal
rðkÞ Reference signal

d̂ðkÞ Disturbance estimate signal

aðkÞ Digital cavity pickup signal (ADC output)
vðkÞ Phase calibration model output
fðkÞ IIR filter output
eðkÞ Difference between rðkÞ and fðkÞ
uðkÞ PI controller output
εðkÞ DAC input
FF FF model (a single value at cERL)
Gff Gain from FF to fðkÞ at steady state

δθ Residual phase calibration error

ejδθ Phase rotation model

GcðsÞ SC cavity model

e−TdðsÞ Actual plant delay model

CPIðzÞ PI controller
FðzÞ IIR filter
QðzÞ Q filter
GnðzÞ Simplified nominal plant model [see Eq. (8)]
GTn

ðzÞ Nominal model of plant delay

GpðsÞ Plant model (Gp ¼ GcGffe−TdsejδθF)

APPLICATION OF DISTURBANCE OBSERVER-BASED … Phys. Rev. ST Accel. Beams 18, 092801 (2015)
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where the sequence xðkÞ and yðkÞ represents the input
sequence and output sequence of G−1

n ðzÞ inside FPGA.
The Q filter in discrete-time form, QðzÞ, is transformed

using the pole matching method similar with (11):

QðzÞ ¼

0
B@ ð1−γÞ2z−2

ð1−γz−1Þ2 0

0
ð1−γÞ2z−2
ð1−γz−1Þ2

1
CA: ð14Þ

We used digital delay model GTn
ðzÞ to compensate for

the plant delay Td:

GTn
ðzÞ ¼ z−L; and L ¼

�
Tn

Ts

�
; ð15Þ

where the operator “d e” means round the element inside
the brackets to the nearest integers towards 0.

V. ANALYTICAL STUDY OF DOB CONTROL

An analytical study of the DOB control shown in Fig. 4
was carried out by utilizing the Bode plots and H∞ norm.
The SC cavity model GcðsÞ is selected to be the classic
cavity baseband state differential equation [30] on the
cavity of injector 1 (QL ¼ 1.2 × 107):

d
dt

�
VI

VQ

�
¼
�−ω0.5 −δω

δω −ω0.5

��
VI

VQ

�

þ
�
ω0.5RL 0

0 ω0.5RL

��
II
IQ

�
; ð16Þ

where the parameters (VI, VQ) and (II , IQ) are the I/Q
components of the cavity voltage, and drive current,
respectively. The parameters ω0.5 and δω represent the
radian cavity half-bandwidth and detuning, respectively. RL
is the load resistance. In the on-resonance case (δω ¼ 0),
the cavity transfer function is

GcðsÞ ¼
� ω0.5

sþω0.5
0

0 ω0.5
sþω0.5

�
: ð17Þ

For the analytical study, first of all, we consider the
simplest case. We assume the cavity is on resonance
(δω ¼ 0), and the loop phase is perfectly calibrated
(δθ ¼ 0 in Fig. 4). In this case, there are no cross
components in the system, thus the overall LLRF system
is actually a single input single output (SISO) system. The
Q filter here is a 5 kHz second order low-pass filter which
will be discussed in detail in the following paper (see
Table III). The gains in the PI controller are determined
according to the gain-scanning result in [24–27]. Besides,
we suppose that there is a 1 μs plant delay Td and Tn.
Figure 5 plots the bode diagrams of the main models. The

analytical study of this paper is carried out based on the
models given in Fig. 5.

A. Fundamental analysis

If we operate the system with both PI control and DOB
control (switch on both SW1 and SW2 in Fig. 4), then
according to Mason’s rule [31], the characteristic poly-
nomialΔtol (system determinant) in the overall schematic is
defined by

Δtol ¼ 1 − ðQGTn|fflffl{zfflffl}
L1

−GpQG−1
n|fflfflfflfflfflffl{zfflfflfflfflfflffl}

L2

−CPIGp|fflfflfflffl{zfflfflfflffl}
L3

Þ; ð18Þ

where the parameters L1, L2, and L3 represent the internal
loops in Fig. 4.
If we operate the system with DOB control but without

PI control (switch on SW2 and switch off SW1), the
characteristic polynomial ΔDOB is then given by

ΔDOB ¼ 1 − ðQGTn|fflffl{zfflffl}
L1

−GpQG−1
n|fflfflfflfflfflffl{zfflfflfflfflfflffl}

L2

Þ: ð19Þ

TABLE III. Transfer function of the Qnm filters.

Q filter Transfer function

Q01ðsÞ 1
τsþ1

Q02ðsÞ 1
ðτsþ1Þ2

Q13ðsÞ 3τsþ1
ðτsþ1Þ3

10
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FIG. 5. Bode plots of the FðzÞ, CPIðzÞ, Q02ðzÞ and GffGcðsÞ.
The models applied in the analytical study in this paper are
mainly based on this figure.
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Finally, if we operate the system with PI control only
(switch on SW1 and switch off SW2), the characteristic
polynomial ΔPI becomes

ΔPI ¼ 1 − ð−CPIGp|fflfflfflffl{zfflfflfflffl}
L3

Þ: ð20Þ

The open-loop bode plots of these three cases are
illustrated in Fig. 6. Here, we suppose the cavity is on
resonance (δω ¼ 0), in this case, the poles in cavity model
Gc are perfectly canceled by the zeros in the simplified
inverse nominal plant model, G−1

n . Furthermore, suppose
the plant delay Td is perfectly compensated by the nominal
delay Tn and there is no phase calibration error in the
system (δθ ¼ 0), under these conditions discussed above,
the characteristic polynomial Δtol then becomes

Δtol0 ¼ 1 − ðQGTn
− e−TdsFQ − CPIGpÞ

¼ 1 − ½e−TdsQð1 − FÞ − CPIGp�: ð21Þ

In practice, the bandwidth of the low-pass IIR filter FðzÞ is
much more larger than the Q filter, which means, the
equation FðzÞ ≈ 1 is satisfied in the interested frequency
ranges (e.g., DC to 50 kHz). With this condition, we have
Δtol0 ≈ ΔPI. As shown in Fig. 6, the open-loop bode plots of
the PIþ DOB control and PI control almost overlap, which
means that the introduction of the DOB structure will not
influence the total characteristic polynomial. In addition, in
the case of the DOB individual control such as (19), it is
easy to see from the open-loop plots (indicated by the blue
dash-dotted line) that the margins are infinite owing to the
fact that the magnitude gain is always less than 0 dB.
Figure 7 compares several kinds of closed-loop system

responses of these three controllers. Similar with Fig. 6, we
suppose that the block GcGff is perfectly canceled out by
G−1

n . It should be emphasized that the values of the PI gains

in both the PIþ DOB control and the PI control were
selected based on the same optimal value of the injector 1
cavity, [24–27]. The interpretation and location of the
signals shown in Fig. 7 are given in Table II and Fig. 4,
respectively.
Figure 7(a) plots the transfer function from the disturb-

ance signal, d, to the cavity pickup signal, y. The results
indicate that the presented PIþ DOB structure shows great
superiority in terms of disturbance rejection for the fre-
quency range from DC to about 5 kHz. This characteristic
is also the most attractive advantage of the DOB control.
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The improvement of the PIþ DOB control can be
explained by its closed loop transfer function. If the cavity
is on resonance, the transfer function of PIþ DOB is
given by

Htol0;d→y ¼
ð1 −QGTn

ÞGcGffe−Tds

Δtol0
: ð22Þ

On the other hand, the transfer function of PI individual
control is given by

HPI;d→y ¼
GcGffe−Tds

ΔPI
: ð23Þ

Since the denominator of (22) and (23) is approximately the
same, the only difference of these two transfer functions is
the block (1 −QGTd

) which has a bode plot as shown in
Fig. 8. According to its magnitude response, the factor
(1 −QGTd

) will improve the system response (from d to y)
of the PIþ DOB control in the frequency range of DC
to 5 kHz.
Figure 7(b) depicts the system response from the noise

signal, n, to cavity pickup, y. The DOB control has the best
noise rejection among the three systems. There is no
obvious difference between the PI control and the
PIþ DOB control. There may be some deterioration in
the PIþ DOB control, but it is minimal.
Figure 7(c) gives the system response from the reference

signal, r, to the cavity pickup signal, y, corresponding to the
transfer function from r to y. This one is significant because
the reference phase needs to be adjusted frequently during
the beam commissioning. No obvious difference can be
observed in the PI control and the PIþ DOB control.
The system response from noise, n, to the DAC input, ε,

is plotted in Fig. 7(d). The transfer function is investigated
here owing to the restriction of rf source. If the gain from n
to ε is too large, input-power interlock occurs; however,
there is no distinction after injecting the DOB controller
into PI feedback loops.

B. Robustness of DOB control

To examine the robustness of the DOB control, we
mainly consider two cases. In the first case, we suppose that
the system is a SISO system, that is to say, the cavity is
perfectly on resonance (δω ¼ 0), and there is not any phase
calibration error (δθ ¼ 0), however, there is mismatch in
the parameters of the nominal model, GnðsÞ. In the second
case, we suppose that the detuning, δω, and the phase
calibration error δθ (in Fig. 4) cannot be neglected and the
plant GpðsÞ then becomes a MIMO system.
For the first case, because the two dominant parameters

in GnðsÞ are the plant gain, Gff, and the cavity bandwidth,
f0.5, we inspected them first. Note that here we still keep
the models of FðzÞ, CPIðzÞ, QðzÞ and GffGcðsÞ the same

with Fig. 5. Equations (24) and (25) express the model
mismatch in Gff and f0.5, respectively. In this paper, we
suppose that the mismatch for Gff and f0.5 is less than
25%, a restriction that is very easy to satisfy:

GnðsÞ ¼ ðGff þ δGffÞ
2πf0.5

sþ 2πf0.5
: ð24Þ

GnðsÞ ¼ Gff
2πðf0.5 þ δf0.5Þ

sþ 2πðf0.5 þ δf0.5Þ
: ð25Þ

Figure 9 shows the influence of the mismatch in plant
gain, Gff (top), and cavity bandwidth, f0.5 (bottom). We
still consider the system response from n and d to y.
According to Fig. 9, the mismatch in the two dominant
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parameters does not influence the system performance
severely.
For the second case, both the plant and the total LLRF

system are MIMO systems. The H∞ norms of the closed
loop system transfer function from d and n to y are
inspected.
Figures 10 and 11 illustrate the H∞ norm of these two

transfer functions in terms of different detuning, δω, and
phase calibration error, δθ. Here, we exaggerate the cavity
detuning to 540 Hz (same with the cavity half-bandwidth),
in the real case, the detuning in injector 1 is controlled to be
less than 50 Hz by piezo tuner. According to the analysis
study of the H∞ norm, the phase calibration error, δθ will
influence the system performance greater then the cavity
detuning, δω.

C. Q filter and robust stabilities

The selection of the Q filter is a key point of the DOB
control. To inspect the influence of theQ filter, we consider
Q01ðsÞ, Q02ðsÞ, and Q13ðsÞ in terms of (3) as shown in
Table III.

Figure 12 shows the transfer function from d and n to y
according to differentQ filters but with the same bandwidth
(5 kHz). The filter Q13ðsÞ is the most attractive filter as it
provides the best performance in terms of disturbance
rejection for the frequencies in the range of DC to 800 Hz.
The filter Q01ðsÞ showed the poorest performance for noise
suppression. However, in terms of the FPGA implementa-
tion, Q13 will consume the most hardware resources. In
order to find a balance between controller complexity and
performance, we finally selected Q02ðsÞ for the DOB
control (in both the analytical study in this paper and
the applications during the cERL commissioning).
The effect of theQ02 filter on the cutoff bandwidth (3 dB

bandwidth), fQ, is shown in Fig. 13. Figures 13(a) and
13(b) show the performance of the PIþ DOB control and
“FFþ DOB” control (no PI feedback), respectively. The
selection of fQ is a trade-off between disturbance rejection
and noise suppression according to Fig. 13. The fQ of the
PIþ DOB control is selected to be 5 kHz to reach a
compromise.
Finally in the end of the analytical study, we would like

to present the analysis of the robust stability. The real LLRF
system GpðsÞ is subjected to multiplicative model uncer-
tainties (e.g., cavity is detuned by some reason), which can
be described by [10,15–17]

GpðsÞ ¼ GnðsÞ½1þ ΔðsÞ�; ð26Þ

where ΔðsÞ is the variable transfer function, which
describes uncertainties of the plant. The robust stability
of the DOB controller is then assured by [10,15–17]
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‖ðΔðjωÞQðjωÞ‖∞ ≤ 1; ð27Þ

Figure 14 plots the H∞ of (14) in terms of different Q02

filter bandwidth, fQ. Here we assume the detuning of the
cavity, δω is 50 Hz and the phase calibration error, δθ, is
10 degrees. These restrictions are very easy to satisfy in the
cERL. It is clear to see from Fig. 14 that if the bandwidth of
the Q filter is larger than 50 kHz, the DOB control is
subject to a risk of unstable. In the experiment during the
beam commissioning, we have limited the Q filter band-
width, fQ to be less than 25 kHz.

VI. EXPERIMENT ON CERL BEAM
COMMISSIONING

To validate the DOB control in an actual accelerator, we
installed this controller in the LLRF system for both
injectors and the main linac. The main parameters of the
LLRF systems at cERL are given in Tables IV and V,
respectively. Note that for the cavities in injector 2 and
injector 3, the vector-sum control is applied; in this case, the
combination system is, at least, a second-order model.

Because of the robustness of DOB control, we applied a
first-order model such as (7) as the nominal model and
selected the cavity half-bandwidth to be 1300 Hz to
represent the overall f0.5.
System performance was improved greatly after

applying the DOB control. Because the motivation for
use of the DOB control was to reject disturbance signals,
we will discuss the improvement in terms of different
disturbances.

A. Power-supply ripples rejection

The power supply of the 300 kW klystron for injectors 2
and 3 is disturbed by 300 Hz ripples, as shown in Fig. 15.
These 300 Hz ripples can be suppressed by applying high
FB gains. However, large gains not only increase the risk of
an unstable system but also deteriorate the high-frequency
noise level. The optimum FB gain is a trade-off between
disturbance rejection and system stability. The current FB
gain was optimized by a gain-scanning experiment [24,26].
However, during beam commissioning, the optimal gain
could not remove the 300 Hz power-supply ripples
completely.
The present DOB control, combined with the original PI

control, was applied to reject the power ripples. At first, we
tried to operate the LLRF system with FF control; however,
owing to the effects of the power-supply ripples, the
amplitude and phase were seriously disturbed. The blue
curves in Fig. 16(a) give the amplitude and phase perfor-
mance and their corresponding fast Fourier transform
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FIG. 14. The H∞ norm of ΔðsÞQðsÞ. Assuming the detuning is
50 Hz and the phase calibration error is 10 degrees in the system.
In addition, there is no mismatch in Gff and f0.5.

TABLE IV. LLRF and cavity parameters of injectors in the
cERL.

Cavity Injector1 Injector2 Injector3

Cavity voltage (Vc) 0.7 MV 0.65 MV 0.65 MV
Beam phase (ϕb) 0° 0° 0°
Control method Individual control Vector-sum control
Power source 20 kW klystron 300 kW klystron
Loaded Q (QL) 1.2 × 106 5.7 × 105 4.8 × 105

Bandwidth (f0.5) 540 Hz 1120 Hz 1350 Hz
Time delay (Tn) 1 μs 1 μs 1 μs
FF gain (Gff) 2.13 0.69 (vector-sum)

TABLE V. LLRF and cavity parameters of the main linac in the
cERL.

Cavity Main linac1 Main linac2

Cavity voltage (Vc) 8.5 MV 8.5 MV
Beam phase (ϕb) 0° 0°
Control method Individual control Individual control
Power source 16 kW SSA 8 kW SSA
Loaded Q (QL) 1.3 × 107 1.0 × 107

Bandwidth (f0.5) 50 Hz 65 Hz
Time delay (Tn) 1 μs 1 μs
FF gain (Gff) 1.36 1.14

FIG. 15. 300 Hz fluctuation in the power-supply output
measured by the oscilloscope.
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(FFT) analysis under FF operation. The effects of the
300 Hz power ripples are apparent. We applied the DOB
control (without PI feedback) with FF operation [indicated
by the red waveform in Fig. 16(a)], and the 300 Hz
component suppression greatly improved.
In the next step, we switched off DOB control and

operated the LLRF system with PI feedback. The 300 Hz
ripples were still rejected, but they could still be observed in
the measured rf field, especially on the waveform of the
phase [indicated by blue waveforms in the right subplot of
Fig. 16(b)]. The system performance improved greatly after
applying the DOB control together with PI feedback. The
red curve in Fig. 16(b) indicates that the 300 Hz ripples
almost disappeared.
It should be noted that the selection of the Q filter

bandwidth fQ in DOB control for the FF and FB operations
is recommended to be different according to our experi-
ence. For a better performance, the fQ in the FF operation
should be larger than that in the FB operation. This point
was also demonstrated in the analytical study, as shown in
Fig. 13. In the measurement shown in Fig. 16, the values of
fQ were selected to be 20 and 2 kHz in the FF and FB
operations, respectively.
Table VI summarizes the improvement of DOB control

in comparison to the original PI control in both FF and FB
operations. The influence of the Q filter is presented
as well.

B. Beam-loading compensation

Beam-loading compensation is one of the key issues in
accelerators. To demonstrate the DOB control in the present
beam-loading case, an LLRF experiment with a beam was
performed in the cERL operated under burst mode (5 Hz).
As a comparison, both PI control and PIþ DOB control
were applied in sequence, and the FB gain in the PI
controller was set to the optimal value. Since all of the
cavities in the injector were operated in the on-crest mode
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FIG. 16. Original FF/FB control (blue) vs FF=FBþ DOB control (red). Radio-frequency field performance in amplitude and phase is
plotted, as well as their corresponding FFT analyses. (a) Under the operation of FF control (fQ ¼ 20 kHz), the blue and red curves
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feedback control and PIþ DOB control, respectively.

TABLE VI. Improvement of DOB control on FF and FB
operation.

rf field stability

Control method ΔA=A½% rms� Δθ½° rms�
DOB off 0.854% 1.591°

FF

DOB on

fQ ¼ 5 kHz 0.038% 0.051°

fQ ¼ 10 kHz 0.030% 0.030°

fQ ¼ 20 kHz 0.030% 0.023°

DOB off 0.030% 0.029°

FB

DOB on

fQ ¼ 1 kHz 0.026% 0.018°

fQ ¼ 2 kHz 0.026% 0.017°

fQ ¼ 5 kHz 0.026% 0.018°
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(see Table IV), the beam-loading effects were concentrated
mainly in the amplitude of the rf field.
The pulse width of the beam was selected to be

approximately 1.6 → 2.0 ms, and we increased the beam
current from 140 to 500 and 800 μA (see Fig. 17). In the
case of the 140 μA beam, both PI control and PIþ DOB
worked well for beam compensation, and the 300 Hz PS
ripples were well rejected by the PIþ DOB control.
However, after increasing the beam current up to 500 and

800 μA, the beam effects were obvious in the rf field,
especially for the rf amplitude. Figure 18 shows the
measured rf field with 800 μA beam loading in the cavities
of injectors 1–3. In each subplot, the blue and red wave-
forms indicate the measured rf field under PI control and
PIþ DOB control, respectively. It is clear that the current
PI control cannot provide sufficient compensation for
high-intensity beam loading. Experiments under 500 and

800 μA beam loading demonstrated that the beam-loading
effects were greatly improved by the DOB controller.
Table VII gives the measured rf field stability in terms

of different beam currents and control methods. The
improvement is obvious for the PIþ DOB control, espe-
cially in the case of high-intensity beam currents.
The bandwidth fQ of the Q filter was increased to 5 kHz

in the PIþ DOB control (as compared to 2 kHz for the
power-supply ripples suppression). The main reason is that
the spectrum in the beam loading contains frequency
components higher than 300 Hz. Therefore, we need a
Q filter with a larger bandwidth to cover the high-frequency
band in the beam pulse.

C. Microphonics rejection

Two nine-cell cavities (main linac 1 and main linac 2)
were employed in the main linac at cERL. The nine-cell
cavities are subjected to the disturbances of microphonics.
In principle, these microphonics can be well rejected by
applying high FB gains (e.g., less than 8 mdeg for both
cavities), however, the microphonics still can be observed
in the phase of the pickup signal. Especially, in the cavity of
main linac 2, there is a 49.6 Hz dominant component in the
measured pickup signal.
To further improve the performance of the microphonics

rejection, we have applied the DOB control in the LLRF
systems. Figure 19 compares the PIþ DOB control (red)
and PI individual control (blue), and the improvement is
obvious due to the microphonics is almost disappeared after
switching on the DOB switch.

D. Experience and discussion

Based on the successful attempt of DOB control in the
cERL LLRF system during beam commissioning, we

FIG. 17. The 1.6 ms and 500 μA beam current measured by
oscilloscope.
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FIG. 18. The measured rf field for the amplitude (left) and the phase (right) on the cavities of the injectors in the presence of 800 μA
beam loading. The blue and red waveforms in each subplot represent the PI control and PIþ DOB control (fQ ¼ 5 kHz), respectively.
The operated beam currents are (a) injector 1 and (b) injectors 2 and 3.
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would like to summarize our experience as follows: (i) A
mathematical LLRF system model is required, but a rough
model is good enough because of the robustness of the
DOB controller. As presented above, what we have
implemented in the present DOB controller is only a
first-order cavity model with only two parameters: plant
gain, Gff, and cavity bandwidth, f0.5 (or loaded Q value).
The identification of these parameters is rather easy and
convenient. (ii) In comparison to identification of the
parameters in the nominal cavity model (Gff, and f0.5)

and the nominal time delay (Tn) the determination of the Q
filter is much more significant. Both the filter type and the
filter bandwidth will influence the performance of the DOB
control. Here, we selected QðsÞ ¼ Q02ðsÞ because of the
limitation of FPGA hardware resources, but other selec-
tions could be even better according to the analytical study.
The filter cutoff bandwidth, f0.5, should be selected mainly
in terms of the frequency band of the interested disturbance
signal. (iii) In principle, the combination of DOB controller
will not influence the original PI loops if the rf plant is
identified perfectly (no mismatch, no detuning and no
phase calibration error); that is, characteristics of the
original loop such as gain margin, phase margin, critical
gains and closed bandwidth are almost the same whether
switching the DOB controller on or off (see Figs. 6 and 7).
In practice, these characteristics mentioned above (gain
margin, phase margin, critical gains and closed bandwidth)
are influenced owing to the mismatch model and the model
uncertainties (δω ≠ 0 and/or δθ ≠ 0), but the influence is
acceptable according to our experience in the cERL beam
commissioning.
The possible limitations of DOB control are discussed as

follows: (i) The effective bandwidth of DOB control is
limited by the Q filter (which determines the effective
bandwidth observed by the inverse plant model). Since the
bandwidth of theQ filter, fQ, is limited less than 50 kHz by
the robust stability requirements (see Fig. 14), therefore, if
the frequency of the disturbance signal is larger than 50
kHz (e.g., 1 μs beam loading in the burst mode), the DOB
control does not work. On the other hand, if the frequency
of the disturbance signal is concentrated on a very low
frequency (DC to 10 Hz), the DOB control works, but there
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FIG. 19. Measured rf phase of the pickup signal in the main linac1 (left) and main linac2 (right) cavities in the case of PI individual
control (blue) and PIþ DOB control (red) with 5 kHz Q filter. From top to bottom: (a) waveform, (b) spectrum.

TABLE VII. Performance of DOB control in the beam-loading
compensation during the cERL beam commissioning.

rf field stability

Cavity Ib Method ΔA=A½% rms� Δθ½° rms�

140 μA
PI 0.027% 0.018°

Injector 1 PIþ DOB 0.024% 0.021°

500 μA
PI 0.060% 0.021°

PIþ DOB 0.026% 0.021°

800 μA
PI 0.100% 0.027°

PIþ DOB 0.026% 0.022°

Injectors 2 and 3
140 μA

PI 0.026% 0.026°

Vector sum PIþ DOB 0.021% 0.016°

500 μA
PI 0.051% 0.025°

PIþ DOB 0.021% 0.016°

800 μA
PI 0.063% 0.027°

PIþ DOB 0.021% 0.016°
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are no obvious advantages to using DOB control as
compared with traditional PI control. (ii) The DOB control
is very robust, and even a first-order model worked well.
However, if the system is very seriously detuned (e.g., large
Lorentz detuning), the controller may not work. In this
case, we may need modern system identification for a
complex system model that includes high-order dynamic
behavior.

VII. SUMMARY

Disturbances such as microphonics, power-supply rip-
ples, and beam loading often exist in LLRF systems. The
traditional PI control is not sufficient to reject these
disturbance signals. To solve this problem, an application
of a disturbance observer-based control for SCRF cavity
regulation is presented in this paper. The basic idea of the
controller is that we estimate the disturbance signal by
applying the inverse system model, and we remove the
estimated disturbance in the FF models.
This DOB controller was analyzed with Matlab, and then

developed and implemented in the FPGA-based digital
LLRF system in the cERL. In the beam commissioning, the
validation of this controller was demonstrated by success-
fully compensating the high-intensity beam loading in burst
mode, as well as by successfully rejecting the 300 Hz
HVPS ripples and microphonics. This controller is now
installed in the LLRF system of cERL at KEK under
normal operation.
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