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Abstract
Continuous energy scanning is an important feature for

many beamlines at BESSY II. In 2015 this method was used
at 11 undulator and 6 dipole beamlines. Since then the
demand for this feature – especially among new build beam-
lines – increased, while the availability of the used hardware
decreased. To tackle this problem, we investigate alternative
hardware and software solutions. By introducing an inde-
pendent high level controller between the device controllers
we can compensate for communication incompatibilities and
hence increase flexibility.

This paper shows the status of our research. The ideas
leading to a first prototype, the prototype itself, and first
results will be presented.

INTRODUCTION
The synchrotron light source BESSY II supplies some

35 beamlines with brilliant soft x-rays from undulator and
dipole sources with defined photon energy ranges. In this
context, scanning across a provided photon energy range by
synchronizing the movement of multiple actuators along a
beamline without intermediate stops is referred to as continu-
ous scanning (CS) or the continuous mode (CM) [1]. CS sig-
nificantly decreases the time required for energy scanning
experiments like x-ray absorption spectroscopy. Addition-
ally it reduces sample exposure and hence increases sample
lifetime, reduces optomechanical vibrations due to smoother
acceleration and deceleration phases, and increases a beam-
line’s experimental portfolio by including time-resolved ex-
periments [2–4]. The above points combined with its wide
use at BESSY II and other synchrotron facilities make CS an
essential technique for today and future beamline operation.

The methods behind current CS at BESSY II beamlines
are explained in detail by Balzer et al. [1]. The motion con-
trollers (VME-based hardware) of the monochromator and
the undulator communicate via a dedicated CAN Bus inter-
face. The monochromator input-output-controller (MONO
IOC) holds the gap-to-energy look-up-table (LUT) and can
request the undulator to move from gap position A to gap
position B. During this move the undulator will report its cur-
rent gap position regularly via the CAN-bus to the MONO
IOC. The monochromator then adjusts it’s optical elements
according to the reported gap position and the stored LUT.
The undulator moves with a symmetrical trapezoidal gap
velocity profile with a constant maximum speed. This is
equivalent to moving from energy X to energy Y with a
non constant rate of change of photon energy. Sampling
this energy at regular intervals – which is often wanted – is
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thus more complex since the triggering needs to be done by
additional hardware like PandA Box instead of a fixed time
based sample rate [5].

Performing CS as described has limitations. First, scan-
ning with a constant rate of energy change is not supported.
This could be changed by implementing a trajectory gen-
erator on the MONO IOC, but this is challenging as the
computational resources on the VME hardware are very
limited. Second, current CS depends on the use of specific
near-end-of-life hardware, which can lead to support and
incompatibility issues in the future. To mitigate this risk
other institutes also start searching for alternatives hardware
solutions [6, 7].

Off-the-shelf motion controllers are available to synchro-
nize movement of multiple motor types. Integrating them
into the existing BESSY II beamline control environment
on the other hand is challenging. Their proprietary closed
source nature often reduces their configurability, which
makes it difficult and sometimes even impossible to inte-
grate them with existing in-house applications. Hence a
freely configurable solution, which can be integrated with
existing applications is necessary.

In this paper we present such a solution in the form of a
prototype. The following chapters discuss the prototype’s
design and implementation in more detail. We finish with
first results from tests performed on real beamline equipment
outside of BESSY II user operation.

PROTOTYPE DESIGN
The main goal of this project is to move the undulator and

monochromator axes synchronously using variable speed
over time.

For the beginning we focused on controlling the movement
of the undulator gap and the monochromator grating and
mirror. Controlling the undulator shift is subject of future
iterations.

Designing a modular software architecture is another re-
quirement. Beamlines often vary in their configuration in
regard to the type of monochromator and undulator present
at the beamline, which makes a modular software design
necessary. In a modular software design it is possible to
include and exclude modules without breaking the whole
software architecture. This makes it possible to combine sev-
eral software modules, based on the beamline configuration
at hand.

Additional requirements were:
• to further reduce implementation costs, this first pro-

totype is implemented as an open-loop system, but
extending the system to become a closed-loop system
has to be possible;
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Figure 1: Simplified use case diagram.

• do not introduce new communication protocols, work
with what is already there;

• find and patch current limitations in the existing API of
the monochromator and undulator motion controller.

Use Cases
Moving the monochromator and undulator synchronously

hints at the main use case for the prototype. This is shown
in Fig. 1.

The user will command the prototype to execute a scan of
a specific energy range with constant rate of energy change.
Based on the scan parameters included in the user command,
the prototype will calculate the movement trajectories for the
undulator and monochromator axes. The starting points of
the trajectories are then used to command all connected mo-
tion controllers to move their axes into start position. When
in start position, the prototype will perform a synchronous
movement along the calculated trajectories. All connected
motion controllers receive velocity update commands until
they reach the end of the trajectory. The developed system is
not directly connected to any motors, but communicates with
the motion controllers which execute the motor movement.

IMPLEMENTATION
The ideas discussed in the previous section lead to the

presented implementations. After a short introduction of the
used hardware, the focus switches mainly on the software
side.

Hardware
For the prototype a Raspberry Pi 3B+ was used. To

communicate with the undulator and monochromator mo-
tion controller (Unidrive and Beckhoff respectively), two
Digilent Pmod CAN (Revision B) were connected to the
Raspberry Pi via SPI. This type of CAN extensions board
uses the Microchip MCP25625 controller with an integrated
transceiver [8].

Linux comes with a driver for that type controller [9]. For
the prototype the server version of Ubuntu 20.04.5 LTS was

Hardware - Raspberry Pi 3

Software - ROS2

<<Node>>
Undulator
Controller

<<Node>>
Monochromator

Controller

Undulator
(Unidrive)

Monochromator
(Beckhoff)

CAN interfaceCAN interface

<<Node>>
Scan Generator

Command to Move
Into Start Position

Start Autonomous
Synchronized Driving

5

MM MM

Calculate Energy
Trajectory

2
cmd

1

Command the
Calculation of the

Movement Trajectory

3

4

energy.csv

trajectory.csv

Figure 2: Simplified system architecture [11, 12].

used. After configuring the device tree overlay, the CAN
interfaces can be used like any other network interface.

Software
Based on the previously discussed necessities for mod-

ularity, the ROS2 software framework was chosen. ROS
stands for “Robot Operating System” and is an open source
software framework developed to built robot applications.
During development ROS2 version “Foxy Fitzroy” was used.
ROS2 libraries are available for C++ and Python. Third-
party libraries can be included as usual.

In the context of ROS2, software modules are called
Nodes. Nodes can communicate using three different com-
munication models. They can communicate using remote
procedure calls called Services, by using a publish-subscribe
messaging model using Topics or by a concept named Ac-
tions [10].

During development the Services model was exclusively
used. By splitting the software into multiple nodes, ROS2
encourages the software architecture principle of separation
of concerns which leads to a modular software design.

Nodes are used as an abstraction of an actuator present
at the beamline. Each node can request or can be asked
about status information about its real-world counterpart.
Furthermore, the way services were implemented, nodes can
be commanded to move the undulator or monochromator
axes, respectively.
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Figure 2 shows the simplified operating principle of the
implemented ROS2 node network. The node network is
running on a RaspberryPi 3B+ which provides two CAN
interfaces, used to communicate with the undulator and
monochromator motion controllers. The connected mo-
tion controllers provide a CANopen API to control the axis
movement. Ignoring possible exceptions during the process,
performing an energy scan can be described in 5 steps:

1. An outside command to execute a scan in continuous
mode is sent to the prototype.

2. The command includes the energy trajectory parameter,
like start energy, end energy, Δenergy/time and Δenergy/time2.
The command also includes the names of the controller
nodes which should be involved in the driving pro-
cess. This way modularity is preserved. Actuators can
be excluded from a driving process, or yet to be de-
veloped nodes can be integrated in the future. Based
on the given energy parameter, the Scan Generator
node calculates the energy trajectory and exports it as
energy.csv.

3. The file path to energy.csv is transmitted to the con-
troller nodes, defined by the incoming user command
from step 1. Based on the energy trajectory, each con-
troller node calculates the movement trajectory for their
actuator. It is important that this action is performed
by the controller nodes, and not by the Scan Generator
node, to achieve modularity. The generated movement
trajectories are exported as trajectory.csv files.

4. After successfully calculating the movement trajecto-
ries, the Scan Generator node commands the controller
nodes to move into the start position of the just calcu-
lated movement trajectory.

5. In the last step, the system will synchronously start the
execution of the speed trajectory for the undulator and
monochromator. Regular speed updates are sent to the
undulator and monochromator to achieve the calculated
movement of both.

The system also implements rudimentary logging capa-
bilities, to be able to compare the requested trajectory and
the actual trajectory.

Modularity and Interfaces To achieve modularity a
clear interface definition is necessary. For the controller
nodes to be interchangeable, each has to provide the identical
interface, defined by the following services1:
calc_trajectory_by_energy_csv : Based on a given

energy trajectory, the node will calculate a movement
trajectory (see step 3).

drive_to_start_pos_by_csv_trajectory : The con-
troller node will position its actuator in the start posi-
tion, based on the given movement trajectory (see step
4).

get_driving_status : Returns the current status of the
actuator, the node is controlling. The status contains
information about the driving state (see step 4).

1 Service arguments are omitted for readability reasons

Motion Controller

1

2

3
BASE
SPEED

SCALING
VALUE

mul. SPEED M

Figure 3: Trajectory transmission process.

drive_speed_trajectory_by_csv_file : Commands
a controller node, to start driving the given speed tra-
jectory (see step 5).

The previously described scanning process can be ex-
tended with arbitrarily many2 controller nodes, as long as
they implement the shown services.

Trajectory Transmission This section describes how
the controller nodes (see Fig. 2) transmit the calculated move-
ment trajectory to the undulator and monochromator axes. It
describes the process well enough to understand the underly-
ing principle but will not go into details about the CANopen
implementation.

Figure 3 shows the basic steps behind the trajectory trans-
mission process. The following steps assume, that the motor
is already in the start position.

1. A movement trajectory, based on a given energy range,
is generated.

2. By deriving the position trajectory we get the speed
trajectory. The maximum speed of the trajectory will
be communicated to the motion controller. See BASE
SPEED.

3. The execution of the trajectory is realized by periodi-
cally sending scaling values in regard to the configured
BASE SPEED to the motion controller (see SCALING
VALUE). The motion controller then calculates and ex-
ecutes the requested speed based on these two values.

RESULTS AND DISCUSSION
The presented results were recordings of an actual test

scan using the UE56/2 undulator, connected to a Unidrive
M700 motion controller, and a plane grate monochromator
from Jenoptik AG connected to a Beckhoff motion controller
CX5130 programmed via TwinCAT 3 NC.

2 The number of nodes and processes is only limited by the prototype’s
hardware.
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Figure 4: Position plot for an energy range of 700–730 eV
with an energy speed of 1 eV

s and an energy acceleration of
0.1 eV

s2 .

Figure 5: Transmission histogram of an energy range of
700–730 eV with 401 speed updates.

For the undulator motion controller the necessary
CANopen API for transmitting the speed trjectory was al-
ready implemented. However, the monochromator mo-
tion controller required a prototypical implementation of
a CANopen API for transmitting the speed trajectory for the
mirror and grating movement.

The prototype was tested for scans across multiple energy
ranges with different energy speeds and accelerations. Two
example trajectories will be discussed.

The discussed main characteristics were found across dif-
ferent test runs using different energy ranges, speed and
acceleration. The data was recorded by the developed sys-
tem itself.

Figure 6: Position plot for an energy range of 220–880 eV
with an energy speed of 0.65 eV

s and an energy acceleration
of 0.1 eV

s2 .

Figure 7: Transmission histogram for an energy range of
220–880 eV with 9759 speed updates.

Figure 4 shows the movement trajectories for a typical
scan for iron. This scan is defined by an energy range of 700–
730 eV. The chosen energy speed was 1 eV

s with an energy
acceleration of 0.1 eV

s2 . Therefore, based on the requested
energy trajectory, constant rate of energy change would be
achieved after 10 s. The plots show that the undulator and
monochromator follow the requested trajectory in a general
sense.

The data points of the trajectories were transmitted with
a frequency of ~10 Hz. Over a trajectory duration of 40 s,
401 speed updates for the monochromator mirror and grat-
ing and the undulator gap were sent. Figure 5 shows the
transmission histograms for the monochromator grating and
mirror as well as for the undulator gap.
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To better show the abilities to drive with variable speed,
an arbitrary scan with an energy range of 220–850 eV was
performed in ~16.3 min. Figure 6 shows the results. The
behaviour of the curve represent very well the usage of chang-
ing the speed over time.

The data points of the trajectory were transmitted with
a frequency of ~10 Hz. For this wide energy range, 9759
speed updates per axis were transmitted over ~976 s. Figure 7
shows the corresponding histograms.

As of the current stage of this project, the positioning
error and its scale is expected. To improve the precision
of the prototype, extending it into a closed-loop system is
necessary.

CONCLUSION AND OUTLOOK
The developed prototype is seen as a success, measured

by the self-imposed goals. It has shown that it is possible to
implement a system which acts like a coordinator of multiple
actuators at BESSY II. Furthermore, the software design,
using the ROS2 framework, promises modularity which
allows the extension of the system for additional actuators
and sensors.

In the current implementation, as an open-loop system, the
system does not provide the necessary precision to be used
for continuous scans in a production environment. To meet
the precision requirements, the system has to be extended to
a closed-loop system.

Furthermore, there is the comparatively high cost of im-
plementation compared to using an off-the-shelf motion
controller system. Not only the system itself has to be de-
veloped, but APIs for the system to connect to have to be
developed too. The need for configurability can justify such
a time investment.

The cost of development could be reduced by combining
efforts of similar projects. One example could be the Pand-
ABox. The PandABox utilizes a Xilinx Zynq-7030 SoC to
process incoming signals [5]. The user can define trigger
signals which, when detected, produces user defined output
signals. The ability to read signals, generate signals and to
define trigger signals is also a requirement for potential fu-
ture iterations of the developed prototype. By integrating the
ROS2 framework into the PandABox, complex workflows
necessary for orchestrating complex beamline architectures
would be possible.
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