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Abstract: Simulations are frequently used to validate underactuated control of the planar two-
link manipulator, a typical benchmark system. These new control strategies need to be evaluated
on a mechanical setup in order to further research their validity. In this work the benchmark
system is specifically designed and built to fit on a table and to be as low-cost as possible. One
of the large discrepancies between the simulator and the real setup is the presence of friction.
With the help of a carefully designed bearing topology and by using image vision to measure the
states of the system, as opposed to mechanical sensors, this friction can be kept to a minimum.
The image vision requires a computer that is capable to process the images and send the control
effort to the actuator in a timely manner. For this purpose a Raspberry Pi 4 is used to interface
with the camera. The architecture consists of a traditional Raspbian operating system, which
is expanded with Robot Operating System (ROS) and Xenomai. With the latter, tasks can
be done in hard real-time, which is needed to achieve a fixed sampling time. In this case, a
sampling time of 9ms is reached. An open-loop and closed-loop experiment with PD-controller

are performed to validate the software architecture.
Copyright © 2023 The Authors. This is an open access article under the CC BY-NC-ND license
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1. INTRODUCTION

In underactuated control, a planar two-link manipulator
is a well-known benchmark system (Liu and Yu (2013)),
which is often used to research underactuated control
strategies (Mahindrakar et al. (2006); De Luca et al.
(2000); He et al. (2016); Huang et al. (2022)). Simulations
of such benchmarks can verify theoretical findings, as it
allows to ignore effects of damping due to friction, mea-
surement noise and other practical aspects of a real setup.
Furthermore, it allows to compare with other research
results that have been obtained on the same benchmark.
However, building the benchmark system can be helpful
for didactic purposes or for real-world verification of con-
trol strategies.

Sensors can be very invasive from a dynamical point of
view, especially if setups become small-scale. They can add
mass to the setup, influencing the resonance frequencies of
the setup, or they can add damping due to friction in a
mechanical sensor. Furthermore, the data transfer from
moving sensors to a static computing unit can be compli-
cated (Fraden (2016)). These problems can be solved by
using machine vision to implement vision-based control.
This was first proposed in Shirai and Inoue (1973). Back
then, the large-scale roll-out of this innovative idea was
hindered due to technological issues, like low resolution,
low frame rate, and slow processing time. Currently, these
problems are no longer an issue for mechanical applications
(Zhao et al. (2016)). Vision-based sensors give rise to a
fairly large field of view, a rather high spatial and temporal
bandwidth and good controlability. The sensor does not
influence the dynamics of the systems (i.e. additional mass,

friction). A disadvantage is the sensitivity to a structured
environment: a more complex and unpredictable environ-
ment will lead to loss of robustness (Hashimoto (2003)).

The use of image vision requires a computing unit which is
able to extract relevant features from images. This is done
with image processing techniques. With the advent of low-
cost single-board computers, e.g. Arduino and Raspberry
Pi, hardware/software interfacing, sensor measurements
and steering of actuators became more accessible. This
has lead to a large community of developers and scientists
who provide open-source documentation, software and
examples (Jolles (2021); Kondaveeti et al. (2021)). These
development boards have become more advanced with
regard to computing power and hardware over the years,
which allows embedded vision control (Ortmeyer (2014)).

Many software architectures can be chosen for robotic
systems. Ahmad and Babar (2016) gives an elaborate
overview of the many possibilities that exist. In Delgado
et al. (2019) an example is given on a real-time (RT)
control architecture for a service robot. A combination of
Robot Operating System (ROS) with a dual-kernel ap-
proach for RT, using Xenomai, is proposed. This strategy
is well-documented and proves to be feasible for their
application. Note that ROS has its own real-time control
library (ros2_control). Nevertheless, in this work the above
architecture is chosen to explore its capabilities in the
proposed setup.

In this work a Raspberry Pi 4 with custom Linux distribu-
tion, including Xenomai and ROS as described in Delgado
et al. (2019), is connected to an ArduCam®© OV9281
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(b)

Fig. 1. The planar (perpendicular to the gravitational force denoted by ¢) two-link manipulator; (a) a schematic
overview indicating all parameters: ¢ the relative angles, [; and [.; the links’ lengths and distance to the center of
mass respectively, u the torque provided by the motor, and s the spring constant; (b) the actual setup as described

in this work.

CMOS camera to observe a small-scale, low-cost planar
two-link manipulator. The design is described in Section
2. In Section 3, an open-loop experiment is discussed that
shows the impulse response by disturbing the unactuated
coordinate of the system. To prove that it is able to work in
closed-loop a PD-controller is implemented and the results
are compared to the open-loop response.

2. SETUP

The predetermined design objectives were to design a
table-top, low-cost planar two-link manipulator (see Fig.
la) to test control strategies. The two-link system is un-
deractuated, as it can only be actuated at the base of the
first link. To monitor the performance and to be able to
close the loop, the angular positions and velocities of both
joints need to be measured. The setup will be utilized to
assess controller performance for vibration mitigation: an
impulse response is applied to the unactuated, second link.
Therefore, it is crucial to minimize the internal damping
of the system, as this can complicate quantification of the
controller performance. To avoid damping due to angular
position sensors or to avoid changing the dynamical behav-
ior due to additional mass from accelerometers, a vision-
based sensor is selected. This means that a camera needs
to be interfaced with a programmable computer platform.
In addition to that, for control purposes a fixed sampling
time is necessary.

This section discusses the design choices made to meet
aforementioned requirements. The hardware is discussed
first, followed by the software. The software section ex-
pands on image processing, operating system and real-time
features.

2.1 Hardware

The links are made from aluminum bars with cross section
30 x 5mm. Table 1 lists the dimensions of the two-
link system. The links experience a dynamic radially-
oriented force due to the centrifugal force from the rotary

movement and a static moment due to gravity exerted
at the center of mass. The latter induces both a radial
and axial force in the bearing. The moment is countered
using two deep groove ball bearings (SKF 61800-2RS1
and SKF 619/8-2Z, lubricant: WD-40) at each rotation
point. The torsional spring at the second joint consists
of two symmetrical, pretensioned springs. The springs are
guaranteed to operate in both directions by the symmetry,
and the pretension prevents a dead band in the torque for
small angles. In the first joint a DC-motor (RB-35 GM
Type 01, 1.2W) is connected.

Table 1. Parameters of the planar two-link
manipulator setup.

K2 [Nm/°]
0.144

l1 [mm] 2 [mm)]
91 85.5

To keep the system cost-optimal and flexible a Raspberry
Pi (RPi) 4B - 4GB RAM is chosen as the computer. In
addition to the fact that it is relatively cheap, it allows to
connect the camera module, ArduCam© OV9281 (1280
x 800 at 120 fps), to the CSI camera port. Furthermore,
GPIO pins can be used to interface with the motor driver,
Cytron© MD10C. All components can be found in the low-
cost hobby world and are intensively discussed on online
forums.

In Fig. 1b the setup as-build is shown. On top of the frame
a 3D printed casing is attached to hold the RPi and the
camera. Furthermore, an LED-strip is glued to the frame
to increase the image quality. Below the frame, the two-
link setup is shown. The links have the same black color as
the background, except for the white dots that are tracked
to obtain the joint angles, which is explained below.

2.2 Software

On the RPi, a Linux distribution (Raspbian) is used as its
Operating System (OS) (Raspberry Foundation (2021)).
Furthermore, the open-source robotics middle-ware suite,
Robot Operating System (ROS), is implemented. This is
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not an OS, but a set of software frameworks for robot
software development. It allows to abstract the algorithm
to smaller blocks of code, in different programming lan-
guages, and facilitates communication between these dif-
ferent blocks (ROS (2021)). As a fixed sampling time needs
to be achieved, the OS should have real-time (RT) capa-
bilities. Unfortunately, the RPi’s OS is non-deterministic,
meaning that there is no control on the timing of individual
processes assigned to the kernel. Therefore, the kernel is
expanded to include Xenomai, which provides hard RT
computing (Gerum (2019)). This will create a dual kernel
topology, such that the default Linux kernel stays active to
deal with non-real-time (NRT) tasks (e.g. ROS nodes), and
the second kernel focuses on high-priority tasks to ensure
precise timing and reliability. This strategy is preferred
over the single kernel configuration as it has a lower latency
(Barbalace et al. (2008)). In this topology, an Adaptive
Domain Environment for Operating Systems (ADEOS)
layer enables multiple kernels to have access to the hard-
ware. It is priority-based such that RT tasks are prioritized
over NRT tasks. The RT computing environment that is
implemented is given in Fig. 2.

As mentioned in Delgado et al. (2019) a Cross-domain
datagram protocol (XDDP) needs to be used to achieve
two-way communication between Xenomai RT tasks and
NRT Linux threads and processes. This is done using the
sockets that are connected to a pseudo device file in the
standard Linux.

ROS Noetic

Raspbian Buster (Debian 10)

' N\
Linux Kernel .
419118 Xenomai 3.0.9
¢ S

|pipe-core-4.19.82-arm-6

Broadcom Bootloader

Raspberry Pi 4B

Fig. 2. Raspberry Pi 4B with its real-time environment.

The tasks in the NRT part are subdivided in sub-
algorithms, called Nodes, as shown in Fig. 3. The camera
module sends a RAWS8 monochrome image to the image
processing algorithm. This picture contains the two links,
which have the same color as the background. Four filled
circles are drawn on the links to track relevant coordinates:
one on each joint, one at the end of the second link, and an
extra one on the first link. To avoid long processing time
the current position and velocity of the circular markers
are estimated to crop the full image A to the relevant
areas B and C, as shown in Fig. 4. Based on the relative
coordinate (Rpa or Roa) of the marker within the cropped
image and the absolute coordinate of the cropping window
(Rp1 or Rei), the absolute coordinate of the marker
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NRT Actuator Task

ROS Nodes
Node 2: Node 3: (10ms) RT
Definingangles + Link to xddp
Control (C++) (C++)
(Python)

Link to
xddp

Receiving
torque
Defining
angles

Node 1:
Image processing

(Python)

Defining
coordinates

Camera Driver Actuator Driver

Fig. 3. A schematic overview of the different blocks of the
software algorithm.

can be found. To predict the velocity of the marker the

following relation is used:

_ Aq _ GikT. — 4i,(-1)T, (1)
At T,

with T the sampling time, 4 the joint number, and k € N

the time step. Now the angles can be estimated

Gi kT,

4i,(k+1)Ts = i kT, + Gikr, s (2)
This can then be used to estimate the position of a marker,
based on the lengths of the links. Afterwards, thresholding
transforms the cropped gray scale images to black and
white. This results in a black image with a white circle
at the location of the markers. Then the coordinate of
the marker is found using the Hough transform algorithm
that tries to approach a circle’s radius and center based
on image processing (Yuen et al. (1990)). This is done in
Python using the openC'V module.

The measured coordinates of the markers are sent to Node
2, where the coordinates are transformed into joint angles
using the trigonometric relations of the system. The angles
are then used to calculate the control effort, a torque, that
has to be exerted on the first link by the motor. This Node
is programmed in Python as well.

The motor torque is transferred to a third node, which
is written in C++, as XDDP is only available in this
programming language. So the sole purpose of this node is
to open the XDDP communication port and transfer the
numerical value of the torque from the NRT kernel to the
RT kernel.

Next, the RT kernel receives the torque. Here, it converts
the torque to the appropriate input voltage. The conver-
sion from torque to input voltage can be found in the data
sheet of the motor. It transfers the voltage exactly every
sampling time to the NRT kernel through a second XDDP
port to be able to communicate with the General Purpose
Input/Output (GPIO) pins of the RPi.

It takes 9ms to process an image and output a motor volt-
age. This needs to be taken into account when designing
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the two-link system, as the eigenfrequencies of the system
cannot be too high to avoid aliasing.

Fig. 4. The strategy to decrease processing time by pro-
cessing only a relevant part of the image.

3. RESULTS AND DISCUSSION

To validate the performance of the setup, two experiments
are conducted. First, an open-loop experiment is done to
verify the software/hardware architecture and to observe
the dynamics of the mechanical setup. Secondly, a closed-
loop experiment with a PD-controller is performed. This
is done to show that a controller can affect the dynamic
behavior of the setup real-time.

3.1 Open-loop measurement

The open-loop experiment is the result of a short hit on
the second link close to its joint. This is to approximate
an impulse response. The measurement of the first and
second joint angle are given in Fig. 5. The impulse force is
applied after 9 seconds.

The first link does not have a restoring force, which means
that it has a range of equilibrium points. In absence
of friction the link would keep rotating, once in motion
(zero eigenfrequency). However, this is a real setup so
the bearings and the gearbox of the DC-motor experience
friction. That explains why the first link comes to a halt
after approximately 1s. Hereafter, it remains at its current
position. The second link has a restoring force due to the
spring ko, which creates an isolated equilibrium at ¢go = 0°.
Again, due to friction the equilibrium is reached after 4s.
The second link undergoes an oscillatory movement before
coming to a halt.

The measurements represent qualitatively the movement
of the two link systems as observed by the researchers.
The sampling time is sufficiently small to observe the full
dynamic behavior of the setup. Also, the noise-to-signal
ratio is very low. Sufficient dynamic behavior is present
in the setup such that control strategies can be tested to
improve the impulse response.

3.2 Closed-loop: PD control

In this section a traditional Proportional-Derivative (PD),
the equivalent of adding a virtual spring and damper,
controller

C(s) = K, (1+ Kgys) (3)
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Fig. 5. Measurement of the open-loop angular position of
the first (top) and second joint (bottom) for an impulse
disturbance on the second link.

is implemented to validate the closed-loop possibilities of
the setup. No I-action is included as it is already present
in the motor model. Notice, that the two-link can only
be actuated at the first joint and for stability reasons
collocated control is chosen. This means that only the
states of the first joints can be used in the controller. The
states of the second link are merely measured for logging
purposes.

The controller is tuned as follows. First, the system is split
in two substructures: the first link with a virtual spring
K, is decoupled from the second link with its spring and
is rigidly connected to a virtual ground. Both linearized
subsystems have an eigenvalue:

Ly

fim
K (4)

| I
h=y\l_

with I; = I; + o for i € {1,2}, I; is the moment of
inertia for a rotation around its center of mass, and m;, [;
the mass and length respectively of link i. Now, K, can
be chosen such that both eigenfrequencies are equal. This
means that

=9.14¢-3 (5)

Next, root-locus is used to determine K, again on the
linearized system including the P-controller. The value
of K4 is chosen such that the real parts of the closed-
loop poles are as negative as possible. This is the case for
Ky = 1.60e-2.

The controller is implemented in the real system and the
impulse response is shown in Fig. 6. A short impact has
been applied close to the second joint to mimic an impulse
on the second link. The magnitude and duration of impact
are measured and are similar to the impact for Fig. 5. The
impact is applied at 6.7s. The first link overshoots to —20°
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after which it returns to £0°. The P-controller clearly
introduces a restoring force to the system and creates a
new isolated equilibrium at 0°. The first link gets actually
stuck at —4°. This is because of an artificial dead band on
the motor’s torque, which avoids endless small controller
torques due to small measurement errors. The first link
reaches the equilibrium after 1s. The second link first
deviates 60° from its equilibrium, which is similar to the
open-loop experiment, but for the second peak only 30°
is reached, compared to 50° in the open-loop experiment.
The second link is stabilized in 2s, which is a reduction of
50%. This clearly shows that the closed-loop time behavior
outperforms the open-loop response. This means that the
PD-controller has a clear effect on the dynamics of the
system.

Angle of link 1
T

Angle [
T

Time [s]

Angle of link 2
T

r

Angle

40

60

Fig. 6. Measurement of the angular position of the first
(top) and second joint (bottom) for an impulse distur-
bance on the second link in a closed-loop configuration
(PD-controller).

4. CONCLUSION

A mechanical setup of the classical underactuated bench-
mark system, the planar two-link manipulator is realized
in a table-top version. To stay as close as possible to the
actual benchmark the internal damping due to friction
needed to be as minimal as possible. This is realized with
two measures: a double deep groove ball bearing design
is implemented to have smooth rotation at the joints and
a camera is used to measure the angles of the joints. The
latter avoids damping due to friction of mechanical sensors
and due to wires going from the sensor to a data-logger.
This also does not influence the dynamics of the system
due to the addition of mass from the sensor.

To extract the angles from the images and to use these
angles to steer the motor a Raspberry Pi is used. The OS
is complemented with ROS to allow for subdividing the
entire algorithm in sub-algorithms which can be developed
in any programming language. Next, the output of each
subroutine can easily be transferred to the next one.
Furthermore, a dual kernel topology is introduced using
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Xenomai to discern between real-time and non-real-time
tasks. The real-time is needed to assure a fixed sampling
time. To allow both kernels to access the hardware an
ADEOS layer is added as well. To achieve communication
between RT and NRT tasks XDDP is used. The complete
setup reaches a sampling time of 9ms.

An open-loop impulse response is measured to validate
the dynamics of the system. The sampling time is found
to be sufficiently small to measure the dynamical behavior,
without any risk of aliasing to occur. Next, a PD-controller
is tuned to the theoretical properties of the main system.
The controller is implemented and showed to reduce the
settling time drastically compared to the open-loop case.
This shows that the controller is able to improve the
impulse response of the closed-loop system.

For future work, it would be interesting to get an idea
on the accuracy of the angle measurements. Now, a qual-
itative approach is used to validate the image processing,
but it would be interesting to quantify the measurement
error. Furthermore, it will be interesting to implement
more advanced controllers. Finally, identification should
be done on the actual setup. This would be useful to
compare the controller performance in simulation with the
measured time response.
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