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Abstract

Inspecting ultra-high vacuum pipe systems of particle
accelerators without disassembling the beam pipes is a com-
plex challenge. In particular, curved sections of particle ac-
celerators require a unique approach for the examination of
the interior. For the planned heavy ion synchrotron SIS100
at FAIR, an inspection robot is currently under development,
featuring an optical imaging system with which the robot
can be navigated through the beam pipe. We present the
current prototype, which is based on a modular snake-like
robot with active wheels and joints. Due to the stipulated
low movement velocity, it can be shown that a kinematic
model is sufficient to control the robot whereas dynamical
effects can be neglected. This concept is proven in experi-
ments with the prototype. At the current development status,
the robot is controlled manually by setting the velocity of
the first module and its desired turning angle. In simulations
we include a CAD model of a dipole chamber of the SIS100
and let an operator successfully navigate the robot through
the beam pipe while only observing the camera image.

INTRODUCTION

Considering the ultra-high vacuum system of ring accel-
erators, the vacuum pipes can be divided into straight and
curved accelerator pipes. Periodic visual inspection of both
types of pipes allows to collect information about material
conditions and foreign objects inside the system. These data
can help to ensure the integrity of the vacuum system and
are essential for unimpaired beam experiments.

To minimize the effort and the expenditure of time for
the examination of the beam vacuum system of particle
accelerators, an inspection device is being developed that
shall be introduced into the pipe system. At the current
development status a modular robot platform is designed
for the use in straight accelerator pipes and to negotiate
simple obstacles like gaps and single steps between two
pipe sections [1]. A prototype was built and adapted to
the pipe geometry of the heavy ion synchrotron SIS100
of the international accelerator facility FAIR. The robot
prototype consists of four modules, each equipped with two
independently driven wheels. Pitch rotational joints between
the modules and specified wheel positions enable the robot
to overcome the obstacles successfully.

Next, the development is focused on the inspection of
curved beam pipes, i.e. of dipole chambers of the SIS100.
In order to navigate the robot through this type of pipes,
turning capabilities are needed. In the following a suitable
robot design is presented and its associated kinematic model,
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which is used to control the robot, is explained. Finally, the
control and the behavior of the robot is evaluated.

ROBOT DESCRIPTION

Concerning homogeneous dipole chambers, the turning
problem can be considered separately from the previous
prototype of the robot with climbing capabilities. However,
the final inspection device should include both turning and
climbing skills. Hence, the already developed robot structure
must be kept as far as possible. Moreover, when a turning
mechanism is added, the robot dimensions must still satisfy
the feasible height of 50 mm and the maximum width of
60 mm. Otherwise the robot would not fit into the dipole
chamber beam pipes of the SIS100.

Instead of introducing direct steering on the wheels, the
pitch joints are replaced with active yaw joints, which fit
without further changes into the existing robot structure.
Later, the pitch joints can be easily added again.

The current robot prototype with yaw joints is shown
in Fig. 1 and is constructed with four 3D printed modules
like the previous prototype. Thus, in total three joints are
integrated. The two inner modules carry a battery and most
of the electronic components like a microcontroller, voltage
regulators and a communication module to receive control
commands wirelessly. The combination of the active joints
and the active wheels enables the robot to turn. This concept
is known for example from the snake-like robots PIKo [2]
and MoMo [3].

Figure 1: Prototype of the robot with turning capabilities.

Motion Control

Without steerable wheel axles, the robot turns into a de-
sired direction only by coordinated control of the joints and
the wheel velocities. From a given velocity of the first robot
module vy, and a turning angle &, joint angles and wheel
velocities for the other modules can be algebraically calcu-
lated. A kinematic model of a modular robot with active
wheels and joints is fully described in [4] using the example
of the robot PIKo. For our robot we have to adjust the model
slightly, because PiKo is equipped with identical modules,
i.e., the distances between the wheel axle of a module and
the connected joints are the same for each module. Conse-
quently, all modules are of the same length. In our robot,
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Figure 2: Geometric relations and model parameters of the
robot with four modules, based on [4].
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EVALUATION
Kinematic Model

Assuming a slow locomotion with a maximum veloc-
ity of vy, = 0.05m/s, the robot is controlled only by the
kinematic model, while forces, friction and other dynamic
effects can be neglected. This approach obviates the need
for a sophisticated parameter identification, but this has to
be proven.

To assess the accuracy of the kinematic model, multiple
experiments were conducted with the robot prototype on a
flat surface. While the robot was controlled with a constant
turning angle in the range from §; = —-2°to §; = 2° and
constant velocities from v,, = 0.02m/s to v,,, = 0.05m/s,
a camera tracking system recorded the actual positions of
the robot head. Then, these measurements were compared
with the simulated output of the kinematic model.

As an example, the comparisons for a turning angle of
81 = 1.5°and §; = —1.5° are depicted in Fig. 3. In these
two experiments the robot was driven with a velocity of
Vw, = 0.05m/s. A positive turning angle means steering to
the left and for a constant angle driving a circle counterclock-
wise. For a negative turning angle the robot steers to the
right and drives a circle clockwise, respectively. The red cir-
cle in the figure has a radius of 0.573 m and shows the ideal
path, calculated by the kinematic model. The trajectory in
blue was recorded for §; = 1.5° and coincides almost with
the reference trajectory. Comparing the radii of both circles
the error is only about 0.19 %. For the clockwise movement
of the robot, which is displayed in green, the driven circle is
slightly larger and results in an error of 1.02 %.

The maximum measured error from all experiments was
about 2 %. Accordingly, the robot prototype navigates very
precisely, which is particularly due to the well tuned motor
controllers. Nevertheless, it should be mentioned that errors
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Figure 3: Driven circles of the robot for §; = 1.5° in blue
and §; = —1.5° in green at a velocity of 0.05 m/s and refer-
ence trajectory in red.
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Figure 4: Simulated position in red and tracked position of
the prototype in blue for driving straight.

of clockwise driven circles were always a bit larger than
the errors of the corresponding counterclockwise driven
circles. Furthermore, if a turning angle of §; = 0° is set,
the robot will not move exactly straight as Fig. 4 illustrates.
Instead, it heads slightly to the left, which is also the reason
for the difference in the error of the two moving directions.
However, the deviations are very small and acceptable for
the robot control in a beam pipe. Thus, the approach of using
only a kinematic model to calculate the control commands
has proven to be convenient.

In-pipe Navigation

Despite the good results described above, the experiments
were all performed only on flat surfaces. Next, the robot
behavior within a pipe environment is considered. Addition-
ally, the robot is controlled manually, i.e. an operator sets
the robot velocity and the turning angle, which are both used
as inputs for the kinematic model. For the experiments, 3D
robotic simulation and a CAD model of a SIS100 dipole
chamber are used. To be even more realistic, the operator
observes only the image of a camera that is attached to the
robot head. Moreover, a lamp is added to light the beam

pipe.
' |

E -

(b) Camera view

(a) Robot in dipole chamber

Figure 5: Robotic simulation in Gazebo with a CAD model
of a SIS100 dipole chamber.

In Fig. 5a the robot is leaving the dipole chamber. Here,
the lamp illuminates the edge of the chamber. On the second
image in Fig. 5b the camera view is displayed while moving
through the pipe. This live image is used by the operator
to navigate the robot. A clear line is drawn on the bottom
of the pipe that serves as a reference for the robot orienta-
tion. Due to the large bending radius of the dipole chamber
(52.632 m), without such a marker it is almost impossible to
recognize when the robot needs to be steered, because the
image would look the same for different orientations. Even
with the elliptical shape of the chamber, deviations from the
pipe center cannot be detected.
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Multiple simulations have proven a successful control of
the robot through the curved dipole chamber. The compari-
son in Fig. 6 between the ideal path in the middle of the pipe
and the real position of the robot head shows just small devi-
ations. In this example, the largest magnitude of deviation is
only about 1.5 mm. Furthermore, minor control corrections
are sufficient to keep the robot close to the ideal path.
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Figure 6: Deviation of the robot head from the ideal path.

CONCLUSION AND OUTLOOK

Inspecting curved pipe sections can be generally done
with the presented robot concept. Moreover, movements
of the prototype are sufficiently described by the kinematic
model and test operators succeeded in controlling the robot
manually through a SIS100 dipole chamber. However, in
simulations the manual control depends on a marker that
designates an orientation in the pipe. For real inspections of
the SIS100 it must be checked if the beam pipes show any
material structure that can be used as guidance. Otherwise
manual control with the camera image will not be possible.

Besides, test operators had to be very concentrated all the
time to discern and compensate deviations from the ideal
path. Due to that effort operating errors can easily occur.
Therefore, the next development step will be focused on
autonomous lane keeping in straight and curved accelerator
pipes. By including an inertial measurement unit, the roll
angle of the robot can be measured and used for navigation.
Furthermore, the roll angle can also be used for manual
control to navigate the robot without the need of a marker
in the camera image.
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