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Abstract

The monochromator is known to be one of the most crit-
ical optical elements of a synchrotron beamline. It directly
affects the beam quality with respect to energy and posi-
tion, demanding high stability performance and fine posi-
tioning control. The new high-dynamic double-crystal
monochromator (HD-DCM) [1], prototyped at the Brazil-
ian Synchrotron Light Laboratory (LNLS), was designed
for the future X-ray undulator and superbend beamlines of
Sirius [2], the new Brazilian 4th generation synchrotron.
The next generation machines demand higher stability per-
formance than at the previous ones, both at the accelerator
and at the beamlines, requiring improved solutions to deal
with factors such as high-power loads, power load varia-
tions, and vibration sources. This paper describes the sys-
tem identification work carried out for enabling the motion
control of the mechatronic parts composing the HD-DCM.
The tests were performed in MATLAB/Simulink Real-
Time (RT) environment, using a Speedgoat RT Perfor-
mance Machine as a RT target. Sub-nanometric resolution
and nanometric stability at 250 Hz closed loop bandwidth
in a MIMO system were the main design targets. Fre-
quency domain identification tools, control techniques and
the first partial results are presented in this paper.

INTRODUCTION

Sirius is a 4th generation synchrotron light source that is
planned to be commissioned in mid-2018 in Brazil. Its low
emittance (0.25 nm.rad) [3] makes it one of the world’s
brightest light sources of its kind. Due to the high quality
of the photon beam, the Sirius beamlines are expected to
present cutting-edge technologies in their fields.

In existing 3rd generation light sources X-ray beamlines,
double-crystal monochromators (DCMs) are known to be
one of the main current bottlenecks in their overall perfor-
mance [4]. Indeed, the stability of this instrument affects
both the energy selection and the position of the beam at
the sample. Given the very small source sizes and large op-
tical lever-arms in long beamlines, the DCMs must have
the angular stability in the parallelism between crystals not
greater than a few nanoradians to keep the source quality.

A new DCM concept started to be studied in 2015 at
LNLS, after the output of the ESRF DCM Workshop in
2014. The target was to bring the parallelism stability lev-
els to a new standard. To achieve this goal, it was decided
to go to a totally innovative design, based on high-end
mechatronics technology.
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The mechanical design is briefly presented in the next
section. Next, the hardware, the software, and the back-
ground theory are described. Finally, the first results of sys-
tem identification and closed loop control are shown.

The partial results of the core of the HD-DCM (Fig. 1)
were 9.2 nrad in relative pitch and roll, and 0.9 nm in rela-
tive gap (RMS values integrated from 0 to 2500 Hz). These
results were obtained with the fixed Bragg angle and in air
at room temperature.
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Figure 1: Left: core of the HD-DCM on dummy bearings;
Right: HD-DCM core assembly schematic.

HD-DCM DYNAMIC CONCEPT

The system consists of a vertically deflecting DCM with
18 mm beam offset. It has a main rotating frame (Gonio
Frame, GoF in Fig. 1) that is guided by bearings at both
sides and driven by an in-vacuum direct driver motor, with
an angular working range from 3 to 60°. (These bearings
are stiffly mounted to the HD-DCM vacuum chamber and
supporting structure, represented by a granite frame (GRA)
in Fig. 1.) The HD-DCM was designed with two crystal
sets, originally planned to be Si(111) and Si(311) in the en-
ergy ranges from 2.3 to 38 keV and from 4.4 to 72 keV,
respectively. The first crystals are stiffly mounted to a ref-
erence frame (Metrology Frame, MeF1 in Fig. 1), which is
in turn stiffly fixed to the GoF. By having the main rotation
axis coincident both with the incoming beam and the sur-
face of the first crystals, the beam walk and thermal bump
effects in the first crystals can be minimized. To handle the
power load of about 100 W, with a power density of about
50 W/mm?, the crystals are indirectly cryocooled via com-
pliant LN, feeding tubes.

Since the first crystals are fixed to the GoF, all the rela-
tive degrees of freedom (DoF) that are necessary for fine
alignment between crystals are limited to the second crys-
tals, which are also indirectly cryocooled simply by copper
braids. Aiming at the highest repeatability and stability per-
formance, only the essential DoF were implemented,
namely: one translation for the gap between the crystals,
which is necessary to keep constant beam offset; and two
rotations, pitch and roll, for tuning. As a mechanism with
nanometer level performance and several millimeter range
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is hardly feasible within a single motion stage, a concept
using a long-stroke stage and a short-stroke stage was im-
plemented. The first is an auxiliary frame for the 10 mm
gap stroke (Long Stroke Frame, LoS in Fig. 1), which is
guided by an arrangement of leafsprings and driven by a
servomotor, with micrometer accuracy. The latter is the
high-dynamic module, consisting of: the reference frame
to which the second crystals are stiffly mounted (Short
Stroke Frame, ShS in Fig. 1), and a reaction mass (Balance
Mass, BM in Fig. 1). Both are equally guided by an ar-
rangement of leafsprings with respect to the LoS, providing
the three necessary DoF for the second crystals in the
ranges of +2 mm and +2 mrad. The control of the position
of the second crystals with respect to the first crystals is
based on an embedded interferometric system that directly
measures the position between the MeF and the ShS. Fi-
nally, three contactless actuators (voice coils) between the
ShS and the BM, control the position of the ShS.

Thus, in terms of dynamics, the main design targets were
to have the ShS and BM weakly connected to the LoS via
the leafsprings, i.e. decoupling at about 5 Hz, and to have
internal frequencies in the MeF and in the ShS preferably
above 1.5 kHz.

SYSTEM ARCHITECTURE

The controller chosen to the first prototype was the xPC
from Speedgoat, mainly because of its compatibility with
the MATLAB/Simulink software, its high performance and
flexibility. The system dynamic models were also devel-
oped using these software tools.

The xPC Controller was assembled for this project, but
was intended to be as generic and flexible as possible and
be used in future control prototypes to perform plant iden-
tifications and design controllers, as described in this work.
The chosen 10 boards have numerous ports (digital input
and outputs, high-precision analog input and outputs and
flexible temperature inputs), a programmable RT controller
and a FPGA board. Details of this configuration are found
in [5]. This prototyping control platform will be used until
the first results of the HD-DCM are obtained in vacuum,
with all subsystems integrated. After that, the designed
controllers shall be implemented in the final control plat-
form and its performance can be refined in the cRIO plat-
form, from National Instruments, which was chosen as the
standard controller for Sirius beamlines. This standardiza-
tion decision is explained in [6].

A characteristic that is explored with these flexible con-
trollers is the usage of linear amplifiers to drive the actua-
tors. It means that, instead of using vendors’ controllers (as
in many motion control solutions, even with nanometric
resolution [7]), which are normally limited to a PID con-
troller and much smaller update rates (few kHz or even
less), all controllers and system processes can be integrated
in the same platform and use its high computational power
to achieve, as in this project, at least 10 or 20 kHz update
rate. They are also more flexible in the controller design
and system identification, embedded signal processing and
high precision and resolution signal generators (for exam-
ple to generate trajectories).
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APPLIED TECHNIQUES

System Identification

The system identification techniques [8] are based in
time and frequency domain analyses and use mathematical
and statistical tools to understand a real system and de-
scribe its dynamic behaviour. They are used in synchrotron
facilities, including LNLS, for a long time mainly for the
particles orbit control at the accelerator [9, 10].

The applied techniques are based on the linear behaviour
of each system section in its operating conditions (fre-
quency range and physical limitations). Thus, these Fre-
quency Response Function (FRF) measurements are based
on linear system assumptions. In practice, the FRF is the
result from the division of the output signal Fast Fourier
Transform (FFT) by the input signal FFT.
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in open-loop and closed-loop (dashed lines) configura-
tions. Inputs and outputs are described in the text.

This formulation is straightforward for an open-loop
configuration, but Fig. 2 shows that it is also possible to
identify the plant in closed-loop. This is especially conven-
ient to use the control to keep the system within the so
called “physical limits”, controlled by the reference Ry. Its
drawback is that a minimally suitable controller must be
designed, meaning that a rough estimation of the system
parameters is mandatory.

As seen in Fig. 2, the measured signals are: the plant in-
put Uy and output Y signals. The input signal Ny is in-
jected just after the controller. Computing the transfer
function from input to each output and manipulating this
data makes it possible to measure the plant transfer func-
tion. The theory and proofs are found in the reference [8].

Excitation Signals

Figure 2 shows that the presented techniques are based
on injecting a well-known signal and monitoring a specific
system output. It is important to highlight that both the
amplitude and frequency ranges of the input signal must be
limited to ensure that the system output is also within the
desired ranges, i.e. above noise levels and below satura-
tion. The correlations for amplitude and frequency range
between the input and output signals are consequences of
the linear system characteristics, as mentioned before.

These input signals can be divided in two groups,
namely, non-deterministic (white noise and chirp sine) and
deterministic signals (step sine and multisine). The time
and frequency domain plots are shown in Fig. 3. The im-
plications of each signal type are discussed below:

Random noise This signal can be found in Simulink
as the “Band-Limited White Noise” block, and is also im-
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plemented in many other software tools. It is based in com-
putational methods to generate random numbers, with the
spectral density distribution, i.e. amplitude and frequency
characteristics, controlled via block parameters or comple-
mentary filters. Its random characteristic makes it unsuita-
ble for the deterministic characterization approach that is
proposed.

Chirp sine In this signal, a sinusoidal signal frequency
varies linearly over time, normally with fixed amplitude
and phase, as seen in Fig 3. The frequency linear variation
is an advantage because one can derive the frequency from
the time scale and this makes a wide frequency range to be
performed in a relative small time. Due to these character-
istics, this signal is largely used to identify electronic sys-
tems. In mechanical systems, however, transient conditions
are more significant and higher damping and inertia lead to
slower responses. Therefore, changing an input parameter
(in this case the frequency) too fast and without averaging
may be a problem to properly correlate the input and output
signals. We classify this signal as non-deterministic due to
its linear frequency variation characteristic, which means
that the frequency is different for every time unit, implying
that the system response at a given time may not be directly
correlated with the instantaneous input frequency.

System Identification Signals
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Figure 3: System identification signals: white noise, chirp,
step sine and multisine. Its time and frequency domain rep-
resentations.

Step sine In this method, the system is submitted to a
harmonic input during some periods of the excitation sig-
nal. This well-known period precisely shows the system re-
sponse from this specific frequency. After the specified
time, the input frequency may change to the next discrete
value. The time elapsed in each frequency minimizes the
transient and accommodation effects, meaning that, with
the help from statistics, the linear conditions of the system
can be more well evaluated. The drawback, when compar-
ing with the chirp signal, is the larger duration time. An-
other advantage of this technique is to have enough infor-
mation to compute a frequency domain analysis for each
frequency at the input. Some non-linearities, for example,
are identified as a response in a frequency that is different
from the excitation.

Multisine Figure 3 shows clearly the advantage of this
method. With a single signal period, a deterministic fre-
quency range can be characterized. This signal is a sum of
a finite number of harmonic signals with the same ampli-
tude in the frequency domain. The advantage of this
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method is to have all frequency content in just one signal
period. Statistics techniques can be applied here to enhance
the method precision, minimize the transient influences
and external random noise sources.

For the so-called deterministic signals, an amplitude
ramp is normally used in the beginning and in end of the
identification. This helps the system to gently start the
movement and achieve the desired amplitude. This is de-
picted in Fig. 3, at the step sine time domain plot.

Control

In control engineering, many researchers prefer a more
statistical approach, others are based in machine learning,
whereas some chose the study of machine operators to per-
form control in a fuzzy way [11]. The more traditional and
deterministic approach is chosen for this work. The tech-
niques presented here may not be optimal but ensure the
stability and the convergence of the solutions with a math-
ematic formalism, as proven in [11].

These control tools are largely used in synchrotron facil-
ities. In its majority, as in the general industry, simpler con-
trollers and open-loop techniques are used, but the Fast Or-
bit Feedback Systems is a great example of the traditionally
implementation of the referred classic and modern solu-
tions [12,13]. The LNLS current machine, the so-called
UVX, has also operated using the closed-loop control tech-
niques for a long time [14].

The application of control techniques for light flexible
structures started in the space industry, in the 60°s [15] and
is now spread over many other fields, as discussed also in
[16]. The HD-DCM is the first step in bringing this
knowledge to Sirius high-end beamline instrumentation. A
brief description of each applied control technique and
some of their characteristics are given, more precise for-
mulations are seen in [11]:

PID controller By far the most used control solution
in the industry, this controller is a composition of propor-
tional, integral and derivative terms of a transfer funtion
(traditionally called: Kp, Ki, Kd). They can be tuned for
each different application, aiming to apply an accurate and
responsive correction to a control function.

Lead-lag compensator One of the most traditional
compensation techniques, this gives the engineer the free-
dom to place a pole and a zero at any place, inside the im-
aginary plane (for example using the root locus graphic
tool). The phase advance of the zero combined with the
phase lag of the pole can be combined to increase the phase
margin near the controller bandwidth.

Integrator filter This filter is applied normally at the
lower frequencies to increase the open loop gain below the
bandwidth.

Low Pass filter Largely used to avoid high-frequency
noise, this filter drops the gain of the controller above a
given frequency.

Notch filter This filter has the characteristic of drop-
ping the controller gain at a certain frequency, but with
TUSH203
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& minimum influence in the remaining spectrum. Two im-
5 portant aspects must be highlighted: firstly, the deeper the
Z gain drop, the larger the phase influence in nearby frequen-
%cies, typically leading to phase margin loss; and secondly,
+4 care must be taken when notching a specific phenomenon,
2 such as a vibration noise peak, because, if its frequency
& changes over time, the notch may not suppress it anymore,
% leading to stability loss. One can make the notch wider, to
3 be robust for small frequency changes, but this leads to an
= even higher impact on phase loss than increasing the depth.

RESULTS

Every element in the control loop of a system has an im-
= pact in its performance. Therefore, the control system of
= the HD-DCM has been developed in a systematic way, fol-
% lowing a sequence of validation steps through which
-2 knowledge and confidence on the performance of the sys-
= tem have been gradually built up. By having a solid com-
£ prehension of the system characteristics, the control de-
g signer can take maximum advantage of the system capacity
£ and may work more effectively on improvements. This
Z process started with the investigation of the controller (la-
E tencies, digital/analog conversion impacts, etc), the ampli-
8 fiers, the actuators and the sensors, continued with the
« identification of the mechanics, and finished with the de-
= sign of the controller and the validation of its performance
2 design targets.

These results are focused in the high-dynamic module,
-2 capable of controlling the fine parallelism of the two crys-
2 tals in 3 DoF, as described before. The Long Stroke perfor-
>mance and its influence in the overall performance was
< also investigated, but the results will be published with the
& final results of the system.
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8 Electronics Characterization

g Foran ultimate performance, it is required that electronic
§ limitations, such as non-linearities, latencies and noise lev-
g els of the controller, the amplifiers, the actuators and the
e sensors are known, and either compensated or kept below
P sufficiently low levels.

FRF: TA310 Amplifier, with voice coils as load
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= Figure 4: Frequency Response Function of the Trust Auto-
2 mation TA310 linear amplifier, with voice-coils as load.

E The transfer function of every amplifier and acquisition
5 board was measured using the previously described tech-
Eniques for system identification with the most convenient
£ selection of input and output signals. As an example, Fig.
£ 4 shows the FRF of the Trust Automation TA310 linear am-
= plifier that is used with the voice-coil actuators. This is the

& result of a multisine characterization having the controller
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output voltage as the input signal and the amplifier output
current as the output signal, which were measured with a
voltmeter and a current meter, respectively. The curve
proves its linearity within the BW and the absence of high
frequency induced noise. The high frequency peak is due
to an unbalanced load, which can be compensated at the
controller.

Next, the noise floor of the acquisition boards and sen-
sors were also investigated. As an example, Fig. 5 shows
the noise floor of the Smaract Picoscale interferometric
system for an in-air cavity at room temperature. The Power
Spectrum Density (PSD), shows the noise distribution over
the frequency range. For now, the 0.7 nm RMS is the most
important limiting factor for the 0.9 nm shown in the partial
results of stability performance of the HD-DCM in closed
loop (see Fig.9). It is expected that this noise level will be
reduced for the final application in vacuum.

10710 'DCMP - DMI - 1DoF - PSD Spectra 10MHz 0.1nm

PSD [m/+/Hz]
>
S

44; L i N S N S S Y]
10
10° 10 102 103 104

Frequency [Hz]
Figure 5: Interferometer noise floor PSD.

Plant Identification

Using a MIMO approach, i.e., having the three voice-
coils and three interferometers transformed to independent
inputs and outputs representing the one translation and the
two rotations of the ShS, different identification techniques
were applied to the system to investigate its behaviour.

Firstly, multisine characterizations easily showed the ex-
pected FRF shape in all three DoF, with the low-frequency
decoupling peak and high frequency peaks starting at 1200
Hz, suggesting that the mechanical design target had been
achieved. Having the first plant identification, a simple
controller could be implemented and then, step sine char-
acterizations could be used to more accurately identify the
flat portion (slope 0) of the lowest frequency range, i.e., the
ShS characteristic stiffness lines for frequencies below the
main decoupling peak. Next, step sine was also used above
the decoupling peak frequency in the -40 dB/dec (slope -2)
frequency range, which provides the ShS mass and mo-
ments of inertia. This region, between 20 and 1000 Hz, is
critical to the system closed-loop behaviour near the con-
troller bandwidth at 250 Hz.

Figure 6 shows the FRF from the real data. The non-di-
agonal terms lower magnitudes show that the system is
well decoupled. In MATLAB, this is a system from Fre-
quency Response Data (FRD), which means that each point
in the plot is a measurement compiled as described in the
System Identification section. The identified plant can be
combined with the designed controller and its characteris-
tics, such as stability and robustness, can be calculated, as
described in the next section.
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Figure 6: MIMO plant identification using single sine

method.

Controller Design

The controller was designed to be stable and robust
(presently the phase margin is 28.8 degrees and the gain
margin is 2.03), to reject noise at low frequencies (high
open-loop gain below the bandwidth) and to suppress high
frequency noise (low sensitivity peak). These characteris-
tics were implemented using a lead-lag compensator and
filters: an integrator at low frequencies, a low pass at high
frequencies, and notches to supress some well-known me-
chanical peaks, the ones near the low-pass cut-off fre-
quency. These characteristics are shown in Fig. 7 and Fig.
8, where the controller, the sensitivity and the open-loop
plots for the ShS in the three DoF are depicted.
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Figure 7: Sensitivity and controller for the ShS in the 3
DoF.
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Figure 8: Open-loop plots of magnitude and phase for the
ShS in the 3 DoF, showing the system dynamic perfor-
mance under control.
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Partial Results

The in-position performance of the ShS is depicted in
Fig. 9, in which the cumulated RMS position stability is
shown as a function of frequency for all three DoF. This
evaluation is made up to the Nyquist frequency, i.e.10 kHz,
for a 20 kHz closed-loop control frequency.

Regarding mechanical disturbances, the performance of
the ShS will mainly suffer from the LN, flow induced vi-
brations [16], floor vibrations and excitations from the ro-
tary stage and the LoS actuator [17]. The impact of such
noise sources has been estimated using the analytical
model and considered in the error budget during the devel-
opment of the instrument, but still needs experimental con-
firmation. Naturally, these components may eventually af-
fect the present design of the controller.

In position performance
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Figure 9: Left: Cumulated RMS position stability for all 3
directions under control. Right: Time domain plot, of Rx
(relative pitch) direction, with 3 sigma value indicated.

CONCLUSION

The new high-dynamic monochromator innovative con-
cept was proved within the core of the instrument, showing
its high stability performance: 9.2 nrad relative pitch and
0.9 nm relative gap (RMS values integrated from 0 to
2500Hz). These figures were achieved still with fixed
Bragg angles, having the system in air and at room temper-
ature, but numbers for the complete cryocooled system, in-
cluding scanning performance, are expected by the end of
2017. Predictive modelling was shown to be mandatory for
such a high-performance system, where no detail can be
neglected, even in preliminary phases.

The system identification methods applied to the elec-
tronics hardware and the mechanical plant proved to be a
very robust and an essential approach to be used in design-
ing a proper controller for a high-end system. With them,
the closed-loop control of the HD-DCM was successfully
implemented following the most important design targets
from the literature. Moreover, with these tools the imple-
mentation of a new controller using any new control design
technique is also straightforward.
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