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Abstract

The ESRF-Double Crystal Monochromator (ESRF-

DCM) has been designed and developed in-house to enable
= spectroscopy beamlines to exploit the full potential of the
Z ESRF-EBS upgrade. To reach concomitant beam position-
E ing accuracy and beam stability at nanometer scale with a
§ reliable, robust and simple control system, a double cas-
& caded control architecture is implemented.
The cascade is comprised of three modes: classic open
& loop actuation, an optimized open loop mode with error
2 mapping, and closed loop real-time actuation. Speedgoat
‘* hardware, programmable from MATLAB/SIMULINK and
: running at 10 kHz loop frequency is used for the real-time
£ mode. From the EBS startup 2020, the ESRF plans to de-
g ploy BLISS — the new BeamLine Instrumentation Support
= Software control system — for running experiments. An in-
E terface between Speedgoat hardware and BLISS has there-
+ fore been developed. The DCM and its control architecture
= have been tested in laboratory conditions.

An overview of the concept, implementation and results
of the cascaded control architecture and its three modes
will be presented.
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INTRODUCTION

Beamlines applying x-ray experimental techniques, such
as x-ray absorption spectroscopy (XAS), are among the
most demanding applications for monochromators. They
need to scan through x-ray wavelengths (energies) quickly,
in a repeatable manner, and without disturbing the position
of the x-ray beam. Such ESRF beamlines are typically
equipped with vertically-deflecting, fixed exit double
crystal monochromators (DCMs), which allow to scan
without readjustment of the downstream optical elements,
or samples. The principle of a fixed exit DCM is explained
in Fig. 1. Depending on the incident angle (Bragg angle, 6)
of the beam on the first crystal an energy, E, can be se-
lected To maintain the reflected beam at the same height
2 for all Bragg angles, 6, the second crystal needs to be ad-
5 justed relative to the position of the first. Current DCMs at
é the ESRF which follow this principle, are KOHZU mono-
g chromators as described in [1]. These DCMs keep the sec-
2 ond crystal at the correct distance by a double cam mecha-
3 nism. Since this is a purely mechanical process, second
5 crystal positioning precision is limited. Prestipino et al. [2]
2 proposed an active feedback system, called MOCO and
% later MOCO2 to compensate for mechanical errors. Alt-
2 hough this improves results, limitations in terms of actua-
§ tion bandwidth and usability for low energy XAS (such as
.2 ESRF-ID21) remain. As most of the current KOHZU
DCMs were purchased around 20 years ago, ageing is a
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Figure 1: Principle of a fixed exit DCM; left at low Bragg
angle; right at high Bragg angle.

major issue. In addition the ESRF-extremely brilliant
source (EBS) upgrade will result in a more coherent and
more intense light source [3]. The subsequent improve-
ment in experimental techniques will further increase the
demand in beam position stability and actuation band-
width. These new requirements led to the decision of de-
signing a new generation of DCMs in-house at the ESRF.
To exploit the potential of the new ESRF-EBS, mono-
chromators need a second crystal positioning system that
is simultaneously faster and more accurate than that of
KOHZU DCMs. Baker et al [4] presented the mechanical
concept of the ESRF-DCM prototype in 2018. Figure 2
shows the principle of the second crystal positioning sys-
tem. While KOHZU DCMs use a double cam mechanism,
the ESRF-DCM is equipped with a tripod positioning stage
composed of three stepper motors, for the long stroke (in-
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Figure 2: Online crystal metrology and second crystal
actuation schema.
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dicated as Tz stage), and three piezo actuators, for fine ad-
justment. A metrology frame, consisting of 9 interferome-
ters which observe the positions of the two crystals and
drifts of the metrology frame itself, is used as a feedback
system. Closing the feedback loop for the second crystal
positioning system should result in an improved parallel-
ism between the two crystals and hence a more stable en-
ergy and beam position at the sample.

A monochromator is one of the most important beamline
instruments for spectroscopy applications. In the event of
control system failures, the ESRF-DCM will no longer be
able to function in fixed exit mode, and hence XAS meas-
urements will be impossible. This underlines the im-
portance of a reliable control system. Further a mono-
chromator should be an easy to use instrument and there-
fore a simple and user friendly interface must be provided.
These issues are considered, amongst others, in the control
concept presented here.

ESRF-DCM CONTROL CONCEPT AND
IMPLEMENTATION

A schematic design of the ESRF-DCM, its actuators and
feedback systems, is given in Figure 3. The Bragg motor
drives both crystals to the requested angular position. Sim-
ultaneously three internally linked stepper motors position
the second crystal to approximately the correct position.
Reading the current Bragg position and feedback from ei-
ther the crystal parallelism or a beam position monitor, the
real-time system corrects any residual errors using piezo
actuators. To ensure operation in the case of a failure of the
real-time system or its associated components, the ESRF-
DCM and its control concept were designed following the
principles presented in Figure 4.

Splitting the control system into three different modes
ensures increased overall reliability, and simultaneously
provides access to high actuation bandwidths and position-
ing accuracies if needed. Mode A (blue and left in Fig. 4)
is the most robust and mode C (red and right in Fig. 4) is
optimised for ultimate positioning accuracy. This principle

ICALEPCS2019, New York, NY, USA JACoW Publishing
doi:10.18429/JACoW-ICALEPCS2019-TUCPLO5

Crystal 0,1 to 0,3 prad/deg
parallelism
(prad) Repeatable
errors
=0,1 pradideg
Non Non | 20,05 yradito°
repeatable repeatable il
errors. errors
Control
100% passive | Corrected with Real time Technology
positioning Lookup table control
No control loop system
A B C

Design Characterization Design

Figure 4: ESRF-DCM design principles and the resulting
control modes A, B and C.

allows to switch between modes depending on the beam-
line’s needs and guarantees backup solutions in case of re-
liability issues.

The design principles shown in Fig. 4 translates into a
block diagram as shown in Fig. 5. In the diagram the cas-
caded control architecture depending on the different
modes becomes visible. The yellow-highlighted feedback
loop (mode B) represents the first cascade. The red-high-
lighted loop (mode C) represents the second cascade. If
both loops are opened, mode A is active, corresponding to
a classic open loop control.

The full system is a three dimensional multiple input
multiple output (MIMO) system, all the following equa-
tions are hence matrix equations.

Mode A contains an open loop actuation by stepper mo-
tors. It is based on the inverse kinematics of the second
crystal tripod system and does not include any feedback
system. Its transfer function is therefore given by

Y(s) = Gp(s) X(s) = Gp(s) Gg(s)H ' R(s) .
GA(S)
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Figure 3: Schematic design of the control, actuators and feedback systems of the ESRF-DCM.
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N sition vector (distance and orientation) of the second crys-

€ tal, R (s) is the requested position vector, Gp(s) is the plant
g transfer function matrix, H™! is the tripod’s inverse kine-
+ matics matrix and G4 (s) the transfer function matrix of the
§ three stepper motors. Since there is no feedback loop and
z Z G4 (s) and H™1 are asymptotically stable transfer func-
“H tions, G 4(s) is intrinsically asymptotically stable.

Mode B improves the positioning accuracy of the sec-
ond crystal by using a first feedback loop. It is important to
emphasize that, as the tripod positioning system has repeat-
able errors which need to be compensated by the use of
2 look-up tables (see Fig. 4), this loop is not designed as a
_. classical regulation loop, but rather as an iterative learning
g control (ILC). A monochromator is a central beamline in-
& strument which must run for long periods with no interven-
< tion. It is inconceivable to transfer a DCM back into a la-
g boratory and recalibrate the look-up tables every time the
S .2 performance degrades. A learning control algorithm is
O therefore used to calibrate the look-up tables automatically
>4 while the DCM is in use and if feedback information is
O = available. Mode B still works only with the tripod’s in-vac-
O uum stepper motors.

The implementation of mode B is slightly different from
a standard control design in Laplace domain. A classic ILC,
as presented by Longman [5] defines the starting point. We
begin with the classic iterative learning law in time domain

distribution o

LA

Uj+1 = U; + Le;
u; = [1(0) (1) - u;(p - 1)]T
€ = [ej(l) ej(z)"'ej(p)] >

2

where u;(k) is the command control input at the time
sample k at cycle j, e;(k + 1) is the measured error at the
sample k + 1 at cycle j, L is the learning matrix and the
time samples are given by k = 0,1, ...(p — 1). Since we
are only interested in error mapping over Bragg angle 6
and not over time, we modify the law to
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=

g . .. .

'S Where Y(s) is the beam position vector, X(s) is the po- Ujy = uj+ Le;j

z 3 L3 €

w; = [14;(0) w;(d6) - ((p — 1)d6)] 3)

T
e; = [e;(d0) ej(2d0) -+ ;(pdd)] .
By using the inverted plant model as learning matrix L

L =pG;" “)

complete convergence can be reached in one step, if E; 1
is known and § = 1. Here Ep is not the plant model trans-
fer function but a Toeplitz matrix with the Markov param-
eters of Gp(s). As Longman [5] shows, stability is given
for 0 < B < 2, which can be used as a tuning parameter
for the learning algorithm.

A disadvantage of this approach is, that 351 must be
known. For the analysed system, only the kinematics and
no kinetics are modelled. Consequently stability and con-
vergence of the learning algorithm are only ensured for
quasi-static Bragg angle movements. If the Bragg move-
ments provokes highly dynamic effects, this can result in
destabilisation of the learning loop.

Mode C includes the real-time feedback system and uses
piezo actuators to compensate the residual errors of the
stepper motors run in mode B. For the moment a classic
PID controller is used in the feedback loop of mode C. It is
designed using classic open loop loop-shaping methods.
The closed loop system results to be

Y(s) = GpipGp(I3 + GprpGp) *H™ ' R(s) .
Ge(s)

®)

Where Gp;p(s) is the transfer function matrix of the de-
signed real-time controller and thus G(s) the closed loop
transfer function matrix for mode C. Currently the MIMO
controller Gp;p(s) is implemented in a diagonal form

Gpip(s) = Gpp(s)I; (6)
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Figure 6: Singular value plot for the first entry of the trans-
fer function of mode C G(1,1) (yellow), the plant model
Gp(1,1) (red) and the PID controller Gp;p(s) (blue).

Where I3 is the three dimensional identity matrix and
Gpip(s) is a single input single output (SISO) PID control-
ler with a magnitude plot as shown in Fig. 6 in blue. Figure
6 also shows the first singular value of the plant model ma-
trix Gp(s) in red and of the closed loop system G(s) in
yellow. It can be seen that the closed loop system currently
runs at a relatively low bandwidth of about 10 Hz. This is
due to the fact that the dynamic system Gp(s) follows a
complex dynamic behaviour, and thus classic open loop
loop-shaping methods are difficult to implement. Further
investigations with closed loop loop-shaping methods and
other control design methods are foreseen in the future to
enhance the bandwidth of mode C.

Since mode B is not a regulation loop with active real-
time feedback, it does not influence the stability of mode
C. This can be explained as follows; the ILC changes only
the position of the stepper motors from one cycle to an-
other, during the cycle it remains constant. In other words,
the TILC acts on the closed loop system G¢(s) as a cyclic
disturbance, and hence does not affect the stability proper-
ties of a closed loop system.

In both modes B and C the user has the option to select
between two different feedback signals: either the interfer-
ometers, measuring directly the crystal parallelism inside
the DCM, or an external beam position monitor. Both op-
tions have advantages and disadvantages, so that the users
finally can decide themselves which signal they want to
work with.

Implementation into the BeamLine Instrumentation
Support Software control system, BLISS, is shown in
Fig. 7. BLISS accesses all motor drivers (intelligent con-
troller for positioning applications, ICEPAP), the real-time
system, and all other beamline instruments. For direct com-
munication between BLISS and the real-time control sys-
tem a BLISS RPC server (remote procedure call) protocol
has been developed. It is built on top of a python wrapping
of the dynamic link library (DLL) provided with the real-
time hardware from Speedgoat GmbH. By using this
server, all parameters and signals inside the Speedgoat
real-time system are directly accessible from BLISS.

Control mode A runs directly on the ICEPAP drivers,
which synchronise the different motors. Mode B is run on
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Figure 7: Implementation of drivers and real-time machine
in the control system BLISS.

the level of the ICEPAP drivers and BLISS. BLISS gathers
information concerning cyclic errors, from either the real-
time system or other instruments, and reconfigures regu-
larly the look-up tables used in the ICEPAP drivers. Con-
trol mode C runs locally on the real-time machine. To acti-
vate or deactivate control mode C BLISS can access a pa-
rameter on the real-time machine which closes or opens the
feedback loop.

TEST RESULTS AND DISCUSSION

During the ESRF-EBS long shutdown and the conse-
quent lack of a test beamline (December 2018 — February
2020), a laser setup was designed around the ESRF-DCM
for laboratory tests. Figure 8 illustrates the setup. The laser
passes through the monochromator, gets reflected on the
two crystals and propagates onto two four quadrant diodes.
By analysing the position of the reflected beam on the two
diodes, beam position and orientation downstream of the
ESRF-DCM can be analysed.

Figure 9 shows the beam stability observed, using the
laser set-up, during a ten degree Bragg scan. It demon-
strates that changing from mode A, to B, to C results in
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Figure 8: Concept of the laser setup for laboratory tests.
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[a)
E improved beam stability. However, it appears that repeata-
5 ble errors remain uncompensated in mode B. This can be
Z improved further. Mode B uses only in-vacuum stepper
g motors, hence the positioning accuracy will stay limited
_z due to stick-slip effects and nonlinearities inside the me-
g chanics. Mode C shows very promising results. Figure 10
2 shows that in mode C there is little difference in beam sta-
% bility between scanning through Bragg angles and not
2 moving. In mode C it is the laser set-up stability that is the
= = limiting factor when characterising the ESRF-DCM.

Further tests after the ESRF-EBS start-up will be neces-
sary to define the final resolution in control mode B and C.

CONCLUSION

The control concept presented here respects the design
rinciples of the ESRF-DCM. A cascaded control architec-
ture with an ILC in the first cascade, and a PID controller
in the second cascade is implemented. By automatically
adapting look-up tables in the motor drivers the ILC mini-
. mises repeatable errors. The performance of mode C is fur-
£ ther improved using active real-time control. This reduces
Z both non-repeatable errors, and those repeatable errors
= which are too small to be compensated by mode B. The
developed BLISS RPC Server allows the control system to
access all information available on the Speedgoat real-time
machine at any time.
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Figure 9: Beam stability of the reflected laser beam during
a scan over the Bragg angle 8; blue — Mode A; red — Mode
B; yellow — Mode C.
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Figure 10: Laser spot position on the two diodes; during
scan in mode C (yellow), and without scanning (purple).

While the initial results, obtained in laboratory test are
promising, the final performance of the ESRF-DCM will
only be characterised after the ESRF-EBS start-up. Current
results indicate that it is the laser set-up resolution that lim-
its the ESRF-DCM performance. The results presented
here have been obtained by step-by-step scans, and provide
little information on the dynamic performance of the sys-
tem. Further work on the real-time controller, and the
beamline control system (BLISS) will enable the system to
be accurate both in step-by-step, and continuous scans.
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