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A Low-level radio-frequency (LLRF) control systems is required to regulate the rf field in the rf cavity
used for beam acceleration. As the LLRF system is usually complex, testing of the basic functions or
control algorithms of this system in real time and in advance of beam commissioning is strongly
recommended. However, the equipment necessary to test the LLRF system, such as superconducting
cavities and high-power rf sources, is very expensive; therefore, we have developed a field-programmable
gate array (FPGA)-based cavity simulator as a substitute for real rf cavities. Digital models of the cavity and
other rf systems are implemented in the FPGA. The main components include cavity baseband models for
the fundamental and parasitic modes, a mechanical model of the Lorentz force detuning, and a model of the
beam current. Furthermore, in our simulator, the disturbance model used to simulate the power-supply
ripples and microphonics is also carefully considered. Based on the presented cavity simulator, we have
established an LLRF system test bench that can be applied to different cavity operational conditions. The
simulator performance has been verified by comparison with real cavities in KEK accelerators. In this
paper, the development and implementation of this cavity simulator is presented first, and the LLRF test
bench based on the presented simulator is constructed. The results are then compared with those for KEK

accelerators. Finally, several LLRF applications of the cavity simulator are illustrated.

DOI: 10.1103/PhysRevAccelBeams.21.032003

I. INTRODUCTION

In accelerators, low-level radio-frequency (LLRF) sys-
tems are required to regulate the radio frequency (rf) fields
in the rf cavities used for beam acceleration. In general, we
must install and test these LLRF systems in advance of
beam commissioning. In addition, for the examination of
various of LLRF control algorithms during beam commis-
sioning, functional testing is usually necessary. However,
the conditions necessary for LLRF system testing, such as
super-conducting environments, along with the required rf
sources, are usually expensive and are not always available.
This situations has motivated the authors to design real-
time cavity simulators for LLRF system testing, which act
as substitutes for the real platforms necessary to run an
LLRF system.
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Software-based (e.g., Simulink-based) state-space models
of rf systems are common and have useful applications in the
design process of an LLRF system [ 1]; however, it is difficult
to operate the entire rf system in real time. An analog
hardware-based cavity simulator has been developed to
solve this problem [2]; however, the rf operational conditions
within the analog components cannot be changed easily.
In view of this situation, field-programmable gate array
(FPGA)-based real-time cavity simulators have been devel-
oped [3-5]. Through use of those simulators, real-time
behavior under LLRF control system operation can be
obtained. However, those studies focused mainly on the
fundamental mode of the cavity [3-5]. At present, multicell
cavities are employed in many facilities such as the
International Linear Collider (ILC), the compact energy
recovery linac (cERL), and the superconducting test facility
(STF) [6-12]. In such setups, the existence of the parasitic
modes in the multi-cell cavities limits the loop gain of the
LLRF feedback system. This behavior has motivated us to
consider implementing not only the fundamental mode, but
also the parasitic modes in the simulator. Furthermore,
disturbances such as microphonics, power-supply ripples,
and beam-loading limit the LLRF system performance, and
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valuable information can be obtained by incorporating these
disturbances into the cavity simulator [13-15].

Here we present an FPGA-based cavity simulator
considering both the fundamental mode and the parasitic
modes; moreover, our simulator also integrates the
common disturbances including microphonics, power-
supply ripples, and beam-loading. This paper focuses on
the design and implementation of the real-time cavity
simulator and its applications. The organization is as
follows. Section II briefly introduces the typical LLRF
and cavity system incorporated in an accelerator. Section III
describes the design of the cavity simulator. Section IV
depicts the FPGA implementation of the simulator.
Section V presents the cavity simulator-based LLRF test
bench and compares its response with those for KEK
accelerators. Finally, Sec. VI presents several successful
applications of the presented simulator.

II. LLRF SYSTEM

A simplified block diagram of a typical LLRF control
system is shown in Fig. 1. The pick-up rf signal (from the
cavity) is down-converted to an intermediate frequency (IF)
signal. After filtering by a low-pass filter, the filtered IF signal
is sampled in the next stage by an analog-to-digital converter
(ADC) and fed into an FPGA. The basebands in-phase and

quadrature (I/Q) components are demodulated from the
digitalized IF signal [16]. The I/Q signals are rotated by a
rotation matrix to correct the loop phase, and then filtered
by infinite impulse response (IIR) low-pass filters. Following
comparison to their set values, the I/Q errors can be cal-
culated. Then, the I/Q errors are regulated by a proportional-
integral (PI) feedback (FB) controller. The processed
I/Q signals are added to their corresponding feed-forward
(FF) models. The combinational signals are output to the I/Q
modulator via digital-to-analog converters (DACs) to modu-
late the rf signal from the master oscillator. Finally, the LLRF
feedback loop is closed by driving a high-power source,
which drives the 1f cavities.

As shown in Fig. 1, in order to test the LLRF system, rf
devices (indicated by the red block) such as rf sources (e.g.,
a klystron) and rf cavities are required. However, these
devices are not always available; thus, it is imperative that a
real-time simulator is available as a substitute for real cavity
and rf sources in the development process. On the other
hand, the rf system is subjected to various disturbances.
Typical sources include known disturbances such as high-
voltage power-supply ripples, Lorentz force detuning
(LFD), beam-loading, and unknown disturbances such as
microphonics, master oscillator phase noise, and clock
jitters [13—-15]. These disturbances limit the performance
of the LLRF system, therefore, valuable information can be
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obtained by incorporating the disturbances into the cavity
simulator. In accordance with the above discussion, this
paper presents the design and implementation of an FPGA-
based real-time cavity simulator integrating both the rf
cavity models and the rf disturbance models.

III. CAVITY SIMULATOR DESIGN

Figure 2 shows a functional block diagram of the cavity
simulator. The simulator is fundamentally designed for
superconducting cavities; however, the normal conducting
cavity is also supported through selection of an appropriate
coupling factor f. As the nine-cell cavity has become
popular in many superconducting facilities such as cERL
and STF at KEK [6,12], in our design, we consider both the
fundamental 7 mode and the closest passband mode, i.e.,
the 87/9 mode [17]. In addition, we model the rf power
source and the group delay. Furthermore, we incorporate
the common sources of rf disturbance, such as power-
supply ripples, microphonics, and beam-loading, in the
simulator. We discuss the design and implementation of
each component below.

A. Cavity and mechanical model

The 1f cavity system can be modeled by combining an
electrical model with a mechanical model [3,5,16]. Here,
the electrical model, which describes the cavity baseband
behavior, is based on the analysis by Schilcher [16]. The
main idea is to represent the cavity by a resonant (LCR)
circuit coupled to a waveguide driven by a klystron.
According to Ref. [16], the cavity differential equation
can be expressed by

d‘_}c . = N
7+(w1/2—1Aw)Vc = W)U, (1)
and
I .
u=—V:+R;1I,. 2
vk, 2

Here, the phasors 176, 1% ¢, and I » Tepresent the cavity voltage,
cavity incident voltage, and the Fourier component of
the beam current (at the operating frequency), respectively.
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FIG. 2. Cavity simulator structure. Both the cavity model and
the disturbance model are incorporated in the simulator.

The quantity w, /, is the cavity half bandwidth and the Aw
the cavity detuning. The parameter f is the coupling factor
and R; is the loaded resistance.

In theqabsence of the beam current, the cavity incident
voltage V is given by

- 1 .

The reflected voltage ‘7, (as shown in Fig. 2), is easily
calculated from

—

V,=V.-V,. (4)

The state space formalism of (1) is given by
d Vc,r w12 —Aw Vc.r
dt Vc,i N Aw —6()1/2 Vc,i
0] 0 u,
()
0 0)1/2 u;

Here, V., and V. ; represent the real and imaginary parts

of the complex quantity ‘7(., corresponding to the I and Q
components of the cavity voltage, respectively.

In the case of a multicell cavity such as a nine-cell cavity,
the differential equation for each passband mode is given by

dVCJZﬂ/9

dt + (wl/Z.mz/9 - jAwrm/9)Vc,n7t/9 = w1/2ﬁ’ (6)

where @, /3 ,,/9 and Aw,,, /9 represent the half bandwidth
and detuning of the nz/9 mode, respectively. The overall
cavity voltage is then given by the superposition of all the
passband modes, where [17]

9
Vc,total = Z(_l)n_l Vc,rm/9- (7)

n=1

If the closest passband mode only is considered, i.e., the
87/9 mode, the cavity voltage is then expressed by

- - -

Vc,total =V.- Vc$87r/9' (8)

In order to implement (6) in the FPGA, we must convert
the models in continuous-time form to discrete-time form.
The discrete-time form of (1) is required in the FPGA.
References [3,5] give the cavity differential equation in
discrete-time form (discrete-I) as
|:Vc.r(n):| |:1 - Tsa)l/Z _TSA(U :| |:Vc,r(n - 1):|

VC,i(”) TSA(U 1- TSwl/Z Vc.i(n - 1)

N {Tsa)l/z 0 ] [u,(n—l)]. 9)
0 Tsa)l/z ui(n - 1)

Where, the quantity 7', represents the sampling period of
the digital board that implements the cavity difference

032003-3



FENG QIU et al.

PHYS. REV. ACCEL. BEAMS 21, 032003 (2018)

Upr — ch,r Up — V;,
0 0 - )

-5

= 20 _-20 i

= a -20

B —40 5 —40 =

E s 1.731 1.732 1.733

= x10°

1.7 1.75 1.8 1.7 1.75 1.8
Frequency [Hz] , {46 Frequency [Hz] {6

100 Discrete—I 2000
éﬂ 0 e 100
o =,
2 -100———F— Q, of @ e——
< . 172]
f (Continuous =
—200| Discrete-II A~ —100 /
-300, -200
1.7 1.75 1.8 1.7 1.75 1.8
Frequency [Hz] , |6 Frequency [Hz] , |46
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u, = V., right: u, = V_;. The bode plot of the continuous-time
(blue) and discrete-I (green) cases are very different; however, the
discrete-II (red) case is very similar to the continuous-time case.

equation. This equation works well for the fundamental
mode (z mode), in which the detuning |Awl| is far less than
TL. However, in the case of the parasitic mode of a multicell

cavity, in which the values of Awg, /9 and Tl are compa-

rable, the difference equation in discrete-I described by (9)
above may generate problems.

We assume that the value of the Awg, /9 is 1.732 x 106 -
27 rad/s (the detuning of the 87/9 mode of the nine-cell
cavities in the main linac of the KEK-cERL) and that
the T, is approximately 81.25 MHz. The corresponding

bode plots from the input # to the output \76. of the
continuous-time case in (5) and the discrete-time case in
(9) are shown in Fig. 3. The bode plots in blue indicate the
continuous-time case, whereas the green plots represent
the discrete-I case. Extremely large deviations can be
observed in the figure.

Let us return to the original cavity differential equation
in (1), with a transfer function given by

W1/

He(s) = — 212
e (5) S+ — jAw

(10)

As the pole in the Laplace transform (10) is
s, = =, + jAw, the pole in the Z-transform can be
defined by

Zp — eSpT: — e—wl/zTﬁ-jAwTs. (11)

Then, the transfer function in discrete-time form is
given by

b
H.,(z) = . 12
0 =12 (1)
Note that the gain of H(s) is 0 dB at s = jAw,
meaning that H,,(z) should also be 0 dB at z = e/A“Ts;
hence, we obtain b = 1 — e~ 7s®12, Finally, we have

(1 _ e_T"w'/Z)Z_l
HcaV(Z) = 1= (e—wl/zT.HrjAa)T)Z—l : (13)

From (13), the discrete-time equation (discrete-II) is
expressed by

o) =l

|:1 _ e—Tsml/Z 0 :| |:Mr<n — 1):|
+
0 1—e L@ | {u(n-1)

(14)
where

—e @12 sin (T Aw)

e T2 cos(T,Aw)
A =
e~ Ts@12 cos(T,Aw)

e~ T2 gin(TAw)

]. (15)

Figure 3 also compares the bode plots of this discrete-1I
case (red) with the continuous case (blue). It is clearly
apparent that these two cases are in good agreement in
terms of their bode plots. The small phase lag in the
discrete-II case is caused by the clock latency in (14). It
should be mentioned that another discrete-time form of (5),
similar with discrete-II, was derived in [16].

Note that, when T;w,/, — 0 and T Aw — 0, we have

el 1 = Tw ),
1 —e @2 - Tiw, ),
cos(T,Aw) - 1,
sin(T,Aw) - T,Aw.

(16)

It is clear that (9) is actually a special case of (14).

In the pulse-mode operation, the cavity is deformed by
the Lorentz force due to the large magnetic field and the
wall current. As a result, several mechanical resonance
modes are excited by the Lorentz force and Aw is seriously
disturbed. The dynamics of the LFD is described by a set of
second-order differential equations [18]

A0l dAo

dr? Oy dt + w%Awl(faCC) = _w%KkEgccv

(17)
(acc)

where Aw; " is the detuning of the accelerating eigen-
mode due to the mechanical mode k. The quantity E,.
represents the accelerating gradient of a cavity defined
by [18]
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FIG. 4. Electrical and mechanical models of cavity system.
Electro-mechanical interaction is considered here.

L = cavity effective length.  (18)

The parameters K, wy, and Q,, represent the LFD constant,
the resonance frequency, and the quality factor of the k™
mechanical mode, respectively. Then, the overall LFD is
given by

Aoy = Y A (19)
k

The total detuning Aw is the superposition of Awypp, the
microphonics detuning A®p.,, and the detuning offset
Ay, as expressed by

Aw = AwLFD + Aa)micm + Aa)o. (20)

It is easy to transform the differential equation given in
(17) to its transfer function form:

Ao(s)  —(9PK
Hy(s) = —b=——L 5. (21)
Vi(s) st + o8 T wi
Then, the mechanical model K(s) in Fig. 4 is
Awiep(s)
O ="GR7 =D @)

Finally, the integrated electro-mechanical model of the
cavity is constructed as shown in Fig. 4. The switch is
adopted to make the model compatible with the single-cell
cavities.

B. Klystron model

The klystron model in Fig. 2 is modeled by a first-order
low-pass filter with a 3-dB bandwidth fi;, of several MHz
depending on the particular klystron. In Ref. [19], the
klystron nonlinearity is taken into account in the cavity
simulator. However, because of the limitation of the FPGA

resources, the klystron nonlinearity is not considered in our
simulator. Here,

(23)

C. Delay model

In order to simulate the group delay 7', introduced by the
rf transmission lines (and other rf components), we insert a
delay model. The loop delay model is described by

Hdelay (S) =e o, (24)

D. Disturbance model

As mentioned above, the disturbances of the rf system
are incorporated into our simulator. As the LFD is already
contained in the mechanical model, we focus on the power-
supply ripples, the microphonics, and the beam-loading
only in the design of the disturbance model.

The power-supply ripples mainly influence the phase of
the rf signal. According to Ref. [20], if the cathode voltage
of the klystron has a ripple component of AV sin(w,,?),
the klystron output is phase-modulated and can be
expressed as

. AV, .
V;p = Asin O)rft+DV—:Sln(a)rpt) ; (25)

where w, ¢, ®,,, Vi, and D are the rf frequency, the ripple
frequency, the cathode voltage, and the voltage fluctuation
coefficient, respectively.

The microphonics is modeled by the superposition of
a serials of sinusoidal signals A,,sin(w,,t+ ¢,,) with
different amplitude A,,, phase ¢,,, and frequency w,, values
[21-23]. The detuning caused by the microphonics is then
expressed by

It should be mentioned that the second order response
of the mechanical system need to be taken in to account in
the microphonics model in principle. Since our simulator
mainly focus on the field control problem, any second order
model for microphonics is not available in the current
version. For the further study such as microphonics
detuning compensation in CW mode [21], the second order
model need to be carefully considered in future works.

The beam current is actually part of the driven term u
in (1). For the simulation, we added a beam table to the
input of the cavity model. The beam model is activated after
the beam trigger.
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IV. IMPLEMENTATION OF CAVITY
SIMULATOR IN FPGA

Before implementing the simulator in the FPGA, all the
models must be transformed to discrete-time form. Here,
we define our method for the continuous-time to discrete-
time conversion, excluding the cavity model, which has
already been converted above. Block diagrams of the main
models are also presented.

A. Implementation of cavity model in FPGA

The cavity differential equation in discrete form is given
by (9) and (14), corresponding to discrete-I (for the
fundamental mode) and discrete-II (for the parasitic mode),
respectively. In the FPGA, V.. is then calculated by adding
the outputs of the discrete-I and discrete-II cases. Figure 5
shows the structure of the cavity model. Note that the
structures are identical for both the discrete-I and discrete-II
cases. The differences are the values of the coefficients a, b,
and c.

The mechanical mode K (s) can be directly converted to
its discrete-time form K(z) by the Matlab function “c2d”.
The bilinear (Tustin) approximation method is adopted in
this conversion. The model K(z) is simplified as a high-
order IIR filter (e.g., fourth order) with difference equation

k=K m=M
y(n) = Z ayy(n—k) + Z bx(n—m). (27)
k=1 m=0

where the sequences x(n) and y(n) represent the |V.|? and
W rp Sequences, respectively.

B. Implementation of klystron model in FPGA

Itis easy to transform Hyy (s) to its discrete form Hyqy (z)
by matching their poles. As the transfer function in (23) has
a single pole s, = =2z f\y, the transfer function Hy(z)

has a pole at z,, = e ?/wyT: and can be defined by

(1 — e=27fwTs) 7!

Hk]y(z) = (28)

| — e 2nfu -1

FIG. 5. Structure of cavity model in FPGA. The parameters «,
b, and c are selected based on difference equations (9) and (14).

x(n) y(n)

FIG. 6. Structure of klystron model. The parameter a is
equivalent to 1 — e=2"fiyTs,

The corresponding difference equation is given by
y(n) = eley(n = 1) + (1 = el )x(n = 1), (29)

where the x(n) and y(n) sequences represent the base-
band klystron input and output (without ripples) signals,
respectively.

In order to conserve the digital signal processing (DSP)
resources in the FPGA, we convert (29) to

y(n) = (1= e?ul)lx(n—1) —=y(n - 1] + y(n = 1).
(30)

The FPGA implementation of (30) is shown by Fig. 6.

C. Implementation of delay model in FPGA

A digital delay model Gr,(z) is applied to simulate the
delay caused by the rf transmission line:

T
Gr(z) =zt and L:{fw (31)

N

where the operator “[|” indicates rounding of the elements
inside the brackets to the nearest integers.

D. Implementation of disturbance model

The klystron output is usually phase-modulated by ripples,
as shown in (26). If we define ¢,, = DAV—‘:ksin(a)rpt), the
output of the klystron with ripples becomes

y = sin(w, st + 60 + ¢,,), (32)
with corresponding 1/Q components /,, and Q,, given by

I,,=Acos(0 +¢,,) =Acosfcos¢p,, —Asinfsing,,,
Q,, =Asin(0+¢,,) = Asinfcos¢,, +Acosfsing,,.
(33)

Note that / = Acosf and Q = Asin 6 represent the 1Q
components of the klystron output without ripples. On the
other hand, the value of |¢, | is usually less than 2 degrees
(in the cERL, |¢,,| is approximately 1.6 degrees); then,
we have cos¢,, = 1 and sin¢,, ~ ¢,,. Therefore, (33) is
simplified to
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FIG.7. Structure of ripple model in FPGA. The parameter “frp”
in the figure represents the ripple frequency, and the ripple
amplitude is scaled by the parameter “G,”.
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Microphonics
.:‘ cut
Aa)micro
G,

3

FIG. 8. Structure of microphonics model in FPGA. The
measured microphonics data obtained from the real cavity data
are prestored in the LUT. The parameter “G,,” input port is used
to control the amplitude of the microphonics.

{I,p =1Icos¢,,—0Osing,,~1—-Q0-¢,),

: (34)
Q,, =0cos,, +1sing,,~0+1-¢,,.

The structure of the ripple model in the FPGA is
illustrated by Fig. 7. The input port “frp” in the figure
regulates the ripple frequency. The ripple waveform
sin(w,,t) is saved in the lookup table (LUT) of Fig. 7.
The ripple amplitude is controlled by another input port,
labeled “G,”. After processing by (34), the IQ signal
modulated by the power-supply ripples is output via the
“I/Q out” ports.

The functional block of the microphonics is illustrated
in Fig. 8. The measured microphonics data from the real
cavities is stored in the LUT and then output after proper
scaling.

The beam model works in both pulse-mode operation
and burst-mode operation [12]. If the beam is triggered, a
simulated beam signal with trapezoid profile is added to the
input port of the cavity model (see Fig. 2). Parameters such
as the beam current, beam phase, and beam width are
adjustable.

V. VERIFICATION AND CONFIRMATION

To established the presented simulator-based LLRF test
bench, two micro telecommunications computing architec-
ture (WTCA) FPGA boards (see Fig. 9) equipped with four

N

uTCA Digital Board |

IADC & DAC Interface

FIG. 9. MicroTCA FPGA board used performing digital
algorithms in cavity simulator.

16-bit ADCs and DACs were utilized. As shown in Fig. 10,
one board functions as the conventional LLRF system
(FPGA #2), while the other one is used as the presented
simulator (FPGA #1). The real and imaginary parts (I/Q

components) of V: are output to an IQ modulator via DAC1
and DAC2 of FPGA #1. In DAC3 and DAC4, the cavity

incident voltage (V}) signal and cavity reflect signal (\7,),
which are modulated by IF, are exported. After filtering, all
of these signals are sampled by ADCs and fed into FPGA
#2, on which the LLRF control algorithm is performed.
The IQ components in each signal are detected first, and
the cavity signal is then processed and output to the IQ
modulator to modulate the rf signal from the master
oscillator. This rf signal is down-converted to the IF and
then sampled by the ADCI of the FPGA #1. Finally, the
discrete IF signal drives the cavity simulator. On these two
FPGA boards, embedded Linux is installed in a Power-PC.
The experimental physics and industrial control system
(EPICS) is also installed for communication control, and
each board acts as an EPICS input/output controller (I0C).

Table I compares the resources used in the cavity
simulator and the available resources in the uTCA
FPGA board. In order to implement more than one cavity
models in the given board (e.g. vector-sum control case),
the multiplication algorithms need to be further optimized
to save the hardware resources.

In this study, the simulator performance was mainly
verified with cavities in KEK-STF and KEK-cERL. In what
follows, the simulators in Fig. 11 and Fig. 12 are mainly
based on the STF Phase-2 (STF2) nine-cell superconduct-
ing cavities operated in pulse mode [8,9]. Figure 13 and 14
are mainly based on beam experiment at STF [7]. Further,
Figure 15 and 16 are mainly based on the nine-cell cavities
in the cERL main linac operated in continuous wave (CW)
mode [12]. Figures 17-19 are based on the two-cell cavities
in the cERL injector [10,12]. The LLRF and cavity
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FIG. 10. Cavity simulator-based test bench for LLRF system. The cavity simulator model is implemented in FPGA #1 (indicated by
red block). Noted that only the ADCs and DACs in use are plotted in the figure.

parameters, and corresponding beam conditions for each
figure are listed in Table II. To reject the 87/9 mode, a 4th
order IIR filter with 250 kHz bandwidth was adopted in
some experiments [24,25].

Figure 11 compares the measurement of the cavity pick-
up signal, incident signal (Py), and reflected signal (P,)
from the KEK-STF2 nine-cell cavity (red) and that from the
cavity simulator (blue) under “FF + FB” operation. It
should be mentioned that in this paper the FF controller
is a constant table (or value). The accelerating field is
approximately 25 MV /m. The results show that the signals
of the rf pulse are in good agreement.

The LFD can be calibrated by the equation [26]

A _dp @y p(|i])sin(0 - )
a)LFD—E_ |‘7‘

: (35)

-

where ¢ and 6 represent the phase of the cavity pick-up, V.,
and the cavity incident voltage V}, respectively. The vector

TABLE 1. Available and used 4 TCA FPGA resources.
Hardware
Total multipliers
Item logicelements (DSP48Es)
Available in uTCA board 44 800 128
Cavity Simulator in Fig. 10 27676 95
Electrical and mechanical Model 5410 48

(Fig. 4)

i is approximately equal to 2\7f in the case of a super-
conducting cavity.

Figure 12 compares the LFD measured for the KEK-STF2
nine-cell cavity (red) and that obtained from the presented
cavity simulator (blue). The results are in good agreement,
especially in terms of the filling time and the flat time of
the rf pulse.

As shown in Fig. 13, the beam-loading effects are
demonstrated by comparing the cavity pick-up signal

Cavity Pick—up Pf Pr

- 8000 = 8000 = 8000

> 6000 6000
3 4000 4000

S 2000 2000

Amplitude [arb. units]

B

=)

S

S
Amplitude [arb. units]
Amplitude [arb. unit:

0 0 0
0 1 2 0 1 2 0 1 2

Time [ms] Time [ms]

Time [ms]

100

Simulator ~100
gﬂ . Real Cavity _g) 50 g

2 2 2 -150
: z z
= S =

-100
-200
0 1 2 0 1 2 0 1 2
Time [ms] Time [ms] Time [ms]
FIG. 11. Comparison of pick up, incident, and reflected cavity

signals measurement based on cavity simulator (blue) and real
STF nine-cell cavity (red) under “FF + FB” operation. The
parameters of the cavity and mechanical models were mainly
selected based on one of the nine-cell cavities in the STF2
(0 ~ 4.8 x 10°%, E,.. ~25 MV/m).
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FIG. 12. Comparison of LFD between measurement based on
cavity simulator (blue) and real STF2 nine-cell cavity (red).
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FIG. 13. Comparison of beam-loading effects between meas-
urement based on cavity simulator (blue) and real STF nine-cell
cavity (red).

between the cavity simulator and the real STF cavity. After
injecting an on-crest beam of 31 us and 9.9 mA, the beam-
induced gradient drop can be easily observed in the
amplitude of the cavity pick-up.

The rf phase for on-crest beam acceleration can be
determined by a phase scan experiment. The beam induced
changes in the cavity gradient is [7]

AV, = né Fol,, cos(¢)At, (36)

where f is the resonance frequency, 5 the shunt imped-
ance, ¢ the phase difference between rf and beam current,
and At the beam transient time. If the phase difference is
—180°, the maximal cavity gradient drop will be observed
as shown in Fig. 13. By performing the phase scan during
beam operation, the rf phase for the on-crest beam accel-
eration can be determined. The results can be found in
Fig. 14 where the beam induced gradient drop versus the
rf phase is plotted. The rf phase for the on-crest beam
acceleration was then determined by a sine-function fit.

The performance of the simulator in CW mode operation
was mainly tested based on the parameters of KEK-cERL
nine-cell and two-cell superconducting cavities.

In order to test the 87/9 mode of the cavity simulator, the
detuning Awg, /9 Was set to 1.72 x 10 - 27 rad/s (close to

Sinusoidal Curve Fitting
Raw Data

On-—crest

5}

Gradient Drop [%]

-250 -200 -150 -100 =50 0 50 100
RF Phase [deg]

FIG. 14. Beam-induced change in the cavity gradient corrected
by the gradient drop [%] versus rf phase [deg] for the cavity at
STF. The arrow indicates the on-crest beam acceleration.

the value for one of the cERL cavities) and then FB
operation of the LLRF system was conducted. Figure 15
shows oscillations in case of FB operation due to the
existence of the 87/9 mode.

As shown in Fig. 16, the microphonics model was
confirmed by comparing the microphonics spectrum
between the simulator (blue) and the second nine-cell
superconducting cavity (Q; =~ 10 x 10%) in the cERL main
linac (red). The results for FF and FB operation show that
the main frequency components in the simulator and real
cavity are similar.

The ripple model was validated by comparing the ripple
waveform of the simulator and the cavities in the cERL
injector, in which the klystron is used. The ripple frequency
was set to approximately 300 Hz, identical to the measured
power-supply ripples. The results for the FF and FB
operation in Fig. 17 show that the fluctuations caused by
the ripples (and microphonics) in both the simulator and
real cavity appear similar.

15000 : .
=z Simulator
g 5000 — — Real Cavity
& 10000f
E 62.797 62.798 62.799
Q
ks
2 5000
=
g
<

0 10 20 30 40 50 60 70 80
Time [ms]

Phase [deg]

0 10 20 30 40 50 60 70 80
Time [ms]

FIG. 15. Comparison of oscillations in cavity pickup signal
caused by the 87/9 mode measured from cavity simulator (blue)
and real cERL nine-cell cavity (red). The oscillation frequency in
the figure is approximately 1.72 MHz (closed to the value for one
of the cavity in the main linac of cERL). Algorithms to generate
the 87/9 mode were developed based on the difference equations
in (14).
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FIG. 16. Comparison of microphonics measured from cavity
simulator-based LLRF system (blue) and LLRF system from
cERL main linac (red) under FF operation. The cavity parameters
were selected based on the cERL nine-cell cavity in the main-
linac (Q; ~ 10 x 10°). (a) FF and (b) FB control.
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FIG. 17. Comparison of power-supply ripples measured based
on cavity simulator (blue) and real cERL two-cell cavity (red)
under FF operation. The ripple frequency was set to 300 Hz, close
to the real case. (a) FF and (b) FB control.

For the cERL beam commissioning, we have operated
approximately beam in burst mode (5 Hz), as shown in
Fig. 18 [12,15]. We adopted a trapezoid pulse to simplify
the real beam current. Figure 19 compares the beam-
loading measured based on the cERL injector cavity
(red) and the cavity simulator (blue). The results for the
two are in good agreement after proper scaling.

FIG. 18. (Upper) 1.6-ms and 800-4A beam current measured
by oscilloscope and (lower) simulated current used in simulator.

— 7100 - -
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£ 7080 —Real cavity
= 7060

Q

]

£ 7040

=9

£

< 7020 ; . . . L : .

0 1 2 3 4 5 6 7 8
Time [ms]
-37.8

o
S -379

Y e
£ -380

-38.1
0

4
Time [ms]

FIG. 19. Comparison of beam-loading effects for cavity
simulator-based LLRF system (blue) and LLRF system for
cERL injector (red) under FB operation. The cavity parameters
were selected based on the cERL nine-cell cavity in the
injector (Q; ~ 1.2 x 10% and the P gain for feedback was
approximately 50.

VI. LLRF APPLICATIONS BASED ON
CAVITY SIMULATOR

It is very convenient to design and optimize the LLRF
system in the presence of the cavity simulator. For a
specified LLRF application, after the design and develop-
ment process, the system was always confirmed in the
cavity simulator first, and then modified if bugs were
detected. Using this approach, making the real rf source and
beam operation are unnecessary, we can conserve precious
machine time and increase the development efficiency.

For the cERL and STF, some cavity simulator-based
LLRF applications are presented below.
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TABLE II. LLRF and cavity parameters and corresponding beam conditions for Figs. 11-19.
Cavity Parameters LLRF Parameters
Beam Conditions Cavity Control
Figure Confirmation Facility Mode Uy, dp) E,. or V. Loaded Q type method Filter
11 Normal operation STF-2  Pulse W/o beam 25MV/m 4.8 x10° Nine-cell FF+FB  IIR(4th)
12 LFD effects STF-2  Pulse W/o beam 30 MV/m 4.8 x10° Nine-cell FF 1IR(4th)
13,14 Beam-loading effects STF  Pulse (9.9 mA, 0°) 21 MV/m 3.2 x10° Nine-cell FF Wr/o filter
15 Parasitic mode effects cERL CW W/o beam 2.5 MV 14 x 10°  Nine-cell FB W/o filter
16 Microphonics effects cERL CW (6.5 uA, 0° 8.5 MV 10 x 10° Nine-cell FF(a) and  IIR(4th)
FB(b)
17 PS ripples effects cERL CW (6.5 pA, 0° 0.65 MV 0.5x10° Two-cell FF(a)and IIR(Ist)
FB(b)
18,19 Beam-loading effects cERL  Burst (0.8 mA, 0°) 0.7 MV 1.2x10° Two-cell FB TIR(1st)

A. Suppression of 87/9 mode

In order to suppress the 87/9 modes in the nine-cell
cavities at KEK-cERL and KEK-STF, we have developed
several kinds of digital filters, including a first-order IIR
filter, a fourth-order conjugate-pole IR filter, and a notch
filter [24]. We have applied these three filters in the LLRF
system, first demonstrating them on the cavity simulator.

Figure 20 compares the close loop performance with and
without a filter. First, we feedbacked the system without a
filter and gradually increased the P gains to a very low
value (less than 20). However, system oscillation was
observed (indicated by the oscillation in blue) due to the
existence of the 87/9 mode. In the next step, we activated
the filter and the oscillations disappeared (indicated by the
waveform in red), even if the gain was larger than 300.

The results show that both the notch filter and the fourth-
order conjugate-pole filter perform well with high gain
operation. We finally selected the latter because of its
benefits with regard to the FPGA resource cost [24].

After confirming the filter in the cavity simulator-based
testbench, we applied itin real accelerators such as cERL and
STF, where the filter was found to perform well [24,25].

Filter OFF
— Filter ON

—_
n

Amplitude [arb. units]
Phase [deg]

o
n

0

0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Time [ms] Time [ms]

FIG. 20. Closed-loop operation based on cavity simulator with
and without filter. In the without filter case (blue line), even a very
low gain (P gain ~20) resulted in system oscillation, because of
the existence of the 87/9 mode. In the with-filter case, the system
was stable, even with high P gain up to 300.

B. Disturbance observer-based control

As mentioned above, disturbances such as microphonics,
power-supply ripples, and beam-loading limit the LLRF
system performance. The traditional PI control is usually
insufficient to suppress them. In order to improve the system
performance, a disturbance observer-based (DOB) control
method has previously been applied in the KEK-cERL to
reject the disturbances in the LLRF system [13-15].
Following completion of the DOB controller design, we
first demonstrated this approach on the cavity simulator.

A simulator-based experiment aiming to compensate for
the beam-loading in the burst mode operation during the
cERL beam commissioning was performed. At first, we tried
to operate the LLRF system with PI feedback control; and we
have optimized the PI gains to have a best performance. The
cavity parameters are mainly based on the two-cell cavcity in
the cERL injector. In the next step, we injected the 1.6-ms and
800-mA beam current in our simulator, as mentioned above,
a trapezoid pulse was adopted to simplify the real beam
current (see Fig. 18). The beam effects were obvious in
the cavity pick-up especially for the amplitude, as shown by
the blue waveforms in Fig. 21. Finally, we switched on the
DOB controller, and the system is then operated under
“PI + DOB” control. It is clear to see that the beam-loading

= 7100
g
=
S 7050 f
= PI control
g 7000 ‘ ‘ —PI+DOB
< 0 2 4 6 8
Time [ms]
-37.8
w
= 380
<
=
(a9
382, 2 4 6 8
Time [ms]
FIG. 21. Measured cavity pick-up signal on cavity simulator

in presence of 0.8-mA beams. The blue and red waveforms
represent the PI and “PI + DOB”-based control, respectively.
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effects were greatly improved by the applied DOB control
approach, as shown by the red waveforms in Fig. 21. After
the demonstration in the cavity simulator, we successfully
applied and confirmed this approach in real accelerators at
cERL and STF [13-15].

VII. SUMMARY AND OUTLOOK

In order to test the LLRF system and to demonstrate
LLRF approaches before application in the field, we have
designed an FPGA-based cavity simulator including cavity
and klystron models, along with several main disturbance
models. Experiments based on the developed cavity sim-
ulator show that the dynamic behavior of the simulator
is very close to the behavior of the real cavity system.
LLRF applications such as suppression of the 87/9 mode,
and DOB control were first demonstrated based on the
cavity simulator and then confirmed successfully at KEK
accelerators.

It should be mentioned that the presented simulator is
mainly designed to deal with the field control issue. The
resonance control in CW mode is not taken in to account so
far. For further study, we will implement some second order
models in FPGA to simulate the behavior of the micro-
phonics; therefore, the microphonics compensation algo-
rithms can be studied based on the simulator. Furthermore,
non-linear characteristics of the klystron will be considered
and simulated in the klystron model of the simulator, thus a
more realistic test environment for the rf system can be
realized. In addition, a model to simulate the temperature
drift will be integrated in the simulator, and the effect of the
drift can be then learned in the test bench.
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