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Abstract: In this work we present EduBal, an educational open-source hardware and software
platform for a balancing robot. The robot is designed to be low-cost, safe and easy to use
by students for control education. Along with the robot we present example tasks from
system identification as well as SISO and MIMO control. Using Simulink, students can quickly
implement their control algorithms on the robot. Individual control parameters can be tuned
online while analyzing the resulting behavior in live signal plots. At RWTH Aachen University
and ETH Zurich 28 units have so far been built and used in control classes. In first laboratory
experiences students show high intrinsic motivation and creativity to apply the studied concepts

of control theory to the real system.
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1. INTRODUCTION

Control theory, while being essential for many of today’s
innovations, can seem an abstract and unfamiliar topic
for students. Employing interactive learning as part of
the curriculum, especially on a real system, can build a
bridge between theory and practice. As part of it, stu-
dents may develop an intuitive understanding of individual
control characteristics. In the past, low-cost educational
systems such as a mobile robot (Mondada et al., 2009)
and a robotic arm (Soriano et al., 2014) have been pro-
posed. A balancing robot, like the inverted pendulum, is
an unstable, nonlinear and multiple-input-multiple-output
(MIMO) system allowing a wide range of control-theoretic
applications. Balancing robot designs for education have
appeared in the literature (Howard and Bushnell, 2015;
Gonzalez et al., 2017) and are commercially available® .
Most of these designs are built around the inexpensive
Arduino microcontroller 2. This microcontroller is well
supported by MATLAB/Simulink but has only limited
processing power for useful features such as live communi-
cation or advanced control algorithms like Model Predic-
tive Control. Some of the hardware designs may also be
too fragile for direct student use.

In this work we present the Fducational Balancing Robot
EduBal. Tt is a low-cost and robust design enabling the

I e.g. the Balboa Balancing Robot by Pololu and the GoPiGo3
BalanceBot by Dexter Industries
2 with the exception of the Raspberry Pi in the GoPiGo3
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Fig. 1. Front view of EduBal with its individual parts
highlighted

safe experimentation with a wide range of control-theoretic
aspects from system analysis, control design and system
identification. The selected microcontroller and actuators
offer the potential for demanding control algorithms. For
a wider audience, its hardware and software design is
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Fig. 2. Lateral plane view of EduBal

Table 1. Model parameters as measured in

experiment
Parameter ‘ Symbol ‘ Value
Body mass m 9.33 x 10~ Tkg
Wheel radius T 0.04 m
COM above wheel axle l 8.57 x 1072 m

made openly available in the project repository® under
the permissive MIT license.

In the remainder of the paper, we first derive a physical
model of the robot in Section 2. The model is used to
demonstrate example student tasks from SISO and MIMO
control design in Section 3. Section 4 gives details about
the specific hardware, software and safety implementation
of the robot. First experiences from educational use are
described in Section 5 before a conclusion is made and
future work is suggested in Section 6.

2. ROBOT MODEL

Depicted in Fig. 2 is a lateral plane view of an EduBal
model. The robot has two wheels of radius r which
are assumed weightless. The wheel rotation angle ¢ is
measured relative to the body axis and leads to the
longitudinal position p. The upper body has mass m which
is assumed to be located at a distance [ from the wheel
axle. Due to gravity g acting on the body, it may pitch
with an angle 6. The electric motors, which are fixed to
the upper body, produce a combined torque 7" acting on
both the wheel and body. The experimentally determined
model parameters are given in Table 1.

2.1 Mechanics

The mechanical dynamics of the robot can be derived using
the Lagrange formalism (Frankovsky et al., 2017):

d (0L oL oD
dt <3(Ji) e Qi - 04¢; e

3 https://gitlab.com/rwth-irt-public/edubalembedded

where the Lagrangian is defined as the difference between
the kinetic and potential energy of body and wheels:

L= Ek — Ep = EkB + 2Ekw - EpB — 2EpW (2)
The generalized forces acting on the system are the motor
torques ); = T and the generalized coordinates q; =
(p,)". We neglect friction on both the wheel axle and

ground and assume weightless wheels. Applying the La-
grangian formalism yields the two differential equations:

rlmé cos(0) + rmp — rimsin(9)6> =T, (3)
21%mf + Imp cos(0) — glmsin(@) = —T. (4)

For further analysis we linearize the system about the
upper equilibrium point using the approximations:

cos(f) ~ 1, sin(f) ~ 0, 0>~ 0 (5)

Substituting the terms (5) in (3) and (4) as well as
equating both equations gives the linearization:

rimf + rmp = —21>mé — lmp + glmb (6)
2.2 Electric motor

The torque T is generated by the electric motors. For
stabilization control design, we initially neglected their
internal dynamics and modeled them as simple propor-
tional element. During controller validation however, the
motor gearbox showed significant backlash. This nonlin-
earity could not directly be incorporated into the linear
model and complicated stabilization control. In order to
mitigate this effect, we designed an underlying feedback
proportional-integral controller (PI) for the wheel veloc-
ity ¢.

The PI controller was designed using pole-placement. An
often used representation of the electric motor is a linear
second-order model describing the electrical and mechan-
ical dynamics. The corresponding motor parameters may
be estimated using a manual armature resistance mea-
surement and least-squares identification on measurement
data (Saab and Kaed-Bey, 2001). With the goal of sta-
bilization control, it is however sufficient to identify only
the slower mechanical dynamics as a first-order model. In
an experiment a voltage step sequence U was applied to
the electric motor and the resulting wheel velocity w = ¢
was measured. The following dynamic model could be
identified:

w(s) 2.6
U(s) 0.038s+1

Gem =

(7)

The transfer function of the closed-loop system has two
poles and one zero. The poles were placed so that a
relatively long settling time of t; = 0.5s for the dominant
pole, and a natural frequency of at most f = 30s~! were
achieved. The goal was to reduce the actuator bandwidth
and in consequence decrease excitation of the critical high
frequencies.

For system analysis and control design, this underlying
control loop needs to be included in the model. We
approximate the closed-loop dynamics using a first order

lag element

1 K .
— P+ et (8)
tEM

@ =
tEMm
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Fig. 3. Position control of robot as SISO problem

where et is the desired motor speed, K is the gain and
tgm the time constant. The given parametrization leads to
K =1 and tgy = 0.0994 s.

2.8 Combined system model

By solving (6) for 6 and using (8) with the relation
p = r(p + 0) we formulate the overall robot model as a
linear state-space system
& = Ax + Bu

o )
y=Cz
with state vector © = (¢,¢,9,9)T, input © = Qe and
output y = (p, Q)T. The system matrices result as

0 1 00 0
A 0 —7= 00 B —
0 0 01 0
0 feke 40 gk ) (10)
c=(5010)
where
1N =2ml+mr + 2mi (11)

The matrix A has eigenvalues with positive real part
Re(s;) > 0, hence the system is unstable for the upper
equilibrium point. As the controllability matrix

Co= (B AB A’B A3B) (12)
has full rank, the system is controllable and a stabilizing
feedback controller can be designed.

3. SYSTEM ANALYSIS AND CONTROL DESIGN
3.1 SISO Position control

One motivation for designing EduBal was the use of it as
a demonstrative example in basic control theory. Most of
the relevant methods such as pole-zero analysis and root-
locus control design apply for SISO systems. The task
of stabilizing the full robot around its equilibrium point
however is a MIMO control problem which is treated in
more advanced control theory classes. For SISO stability
analysis and control design the problem of controlling the
robot’s position can be used (see Fig. 3).

A controller Cyiivo that stabilizes the body angle needs
to be designed beforehand. We use a three-state linear
quadratic regulator (LQR) that controls the state &:

(13)

1

Fig. 5. Nyquist diagram of G(s) in Fig. 3, here for a stable
parametrization K, = 0.58.

Using 6,.f, a target pitch angle 6, # 0 can be achieved.
The controller gain K1,qr,3x3 is determined by minimizing
the quadratic cost function

() = /O (@7 Qu + uRu)dt

where QQ = diag (0, 100,0) and R = 10% penalize control
error in body angle and actuation energy respectively.
Numerically solving the resulting Riccati equation gives
the optimal controller parameters in continuous time:

Kiqr,3xs = (—2,—88.75, —14.73) (15)

The resulting closed-loop system with Cyivo is SISO and
has the input 6..¢ and the output p. It is provided to the
students in the form of a transfer function:

P(s) —27.96s? 4+ 1297

G = = - 16
(5) Oret(s)  s*+22.11s% 4+ 157.65% + 365.3s (16)

The characteristics of the stabilized robot can be analyzed
using the pole-zero diagram (refer to the root-locus dia-
gram in Fig. 4). Most notably it includes an integrator and
a zero which does not have minimum phase. Within the
laboratory, students are asked to link these characteristics
to the observed behavior of the robot. As Cymvo does
not control the wheel angle ¢, a body angle reference
Orer # 0 will lead to a position drift p over time which corre-
sponds to integrating behavior. The non-phase-minimum
zero characteristic may be observed as an undershoot in
the step response of the system. Intuitively, in order to
lean forward (6 > 0), the robot briefly needs to drive in
reverse (p < 0) before changing direction (p > 0) to keep
body angle constant.

(14)

Students are then tasked to design a controller Csiso
which stabilizes the position. From the root-locus diagram,
it can be determined that a proportional controller (P) is
sufficient to shift all closed-loop poles to stability. Using
the diagram, the resulting closed-loop behavior, i.e. oscil-

17411



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

=5 100
(]
=,
S 50}
[}
a0
CIN || S —
_ Simulation
] .
g Experiment
= -50 i i i i i
0 0.5 1 1.5 2 2.5 3

>

o
|

Body angle 6 [deg]
[N}

2 2.5 3

[en)
o |
P |
—_
—_
ot

Fig. 6. Example trajectory of stabilized robot with full
state-feedback control in simulation and experiment

lation for an underdamped system, can be tuned visually.
Plotting the Nyquist diagram (Fig. 5), students can iden-
tify the stability margins and the critical controller gain.
Finally the students implement the designed controller in
a target model. The simulated characteristics are then
validated experimentally on the actual robot.

8.2 MIMO Full state-feedback control

As a task for students from advanced control theory,
EduBal can directly be stabilized using a MIMO con-
troller. The goal is to stabilize all four states of the system
in eq. (9) around the operating point =y = (0,0,0,0)".
This controller concept may also serve as a performance
baseline for other controllers. After deriving the linear
model of the robot and implementing a wheel velocity con-
troller, students are provided with the model parameters.
The design of a full-state feedback controller then follows
the same procedure as shown in Section 3.1. With @ =
diag (10°,1072,10°,1072) and R = 102 the optimization
of equation (14) gives the optimal controller parameters in
continuous time:

Kiqraxa = (—0.1,-2.04, —90.23, —14.97) (17)

As the closed-loop system matrix Ax = (A — BK) only
posesses eigenvalues with negative real part Re(s;) < 0 the
controlled dynamics are stable.

Like in Section 3.1, students are now able to validate the
model quality and evaluate the controller performance on
the actual robot. Fig. 6 shows the closed-loop behavior
for an initial state =g = (—55°,0,5°0) from simulation
and experiment. Observing the behavior for ¢ it can be
noted that the robot successfully recovers from the initial
disturbance ¢y = —55° but, especially in experiment,
shows a large overshoot. An explanation may be found
in the unconsidered friction effects or in a slightly uneven
ground during the experiment. The trajectory of § shows
similarities between simulation and experiment. The slight

oscillations can be attributed to the gearbox backlash
which is not included in the simulation model.

4. IMPLEMENTATION
4.1 Hardware design

The EduBal robot is displayed in Fig. 1. It is assembled
from a body, a stack of circuit boards, a battery and two
electric motors. The complete robot weighs 0.99kg and
has the outer dimensions of 206 x 101 x 235mm (W x L x
H). Tt is small enough to be placed and operated on a
table. Bumpers are installed on the body to protect the
circuit boards from damage in case of a fall. The body
parts are made from PLA and are fully 3D-printable on a
hobbyist machine. This allows for quick modification and
replacement of individual parts. The 9.9V 2100mA h 40 C
LiFePo battery is purposely placed high above the ground
in a cage in order to raise the center of mass. As can be
seen in Fig. 2 this asymmetric design in the lateral plane
leads to an equilibrium body tilt angle of about 10.5 deg
which is taken as controller reference.

Inside of the body is contained the circuit board stack with
the Texas Instruments Launchpad XL evaluation board.
The F28069M microcontroller is based on the C2000-
architecture and runs at 90 MHz. Using the C2000 Embed-
ded Coder Support Package, it is directly programmable
via a USB cable. Contained in the support package is a
blockset to access the low-level hardware interfaces. The
board is extended with three custom circuit boards that
are stacked on top and bottom of the microcontroller
headers. The Power Supply Board provides a 3.3V (2 A
maximum) and 12V (5 A continuous) line from the nom-
inal 9.9V battery. Given a PWM reference, the Motor
Control Board can directionally drive two 12V brushed
DC electric motors using two H-bridges. For the EduBal
two motors with an included gear transmission ratio of 30:1
are used. Each can deliver a wheel torque of 0.18 Nm at a
longitudinal velocity of 2.34 ms~! at maximum efficiency.
The shaft angle of the motor is directly measured using a
magnetic encoder. The third Logic board combines a 9-axis
inertial measurement unit (IMU) for measuring accelera-
tion, angular rate and magnetic field, a Wi-Fi chip, user
interaction elements and SPI and 12C headers for hardware
extensions. All necessary robot components are compiled
in a list which is available at the repository together with
the CAD designs and PCB schematics. At the time of
writing the cost of the necessary hardware for one unit
is approximately €200.

4.2 Interfaces

For direct interaction with the running model on the robot,
it features four buttons, three LEDs and a buzzer on the
front that are freely programmable. Using an attached
USB cable, Simulink models can be run in External mode.
In this mode, students can visualize live data in a Simulink
Scope and change model parameters online. For remote
interaction the onboard ESP8266 Wi-Fi chip can be config-
ured to create an access point or join an existing network.
It is connected to the microcontroller’s serial port and
converts the incoming and outgoing data stream to UDP
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Fig. 7. Implementation of the full state-feedback controller
Simulink library

packages. Depending on the Simulink model implemen-
tation, arbitrary data can be sent and received wirelessly.
For demonstration purposes, we implemented wireless key-
board control and live-plotting of sensor signals in a MAT-
LAB GUI Depending on the application, EduBal can be
extended with additional sensors and processing hardware.
New 3D-printed parts can be attached to the chassis and
the Logic Board offers access to 12C and SPI headers to
allow communication with the microcontroller board. As
an example we designed a vision module and used it with
EduBal (Fig. 9).

4.8 Software

Part of the EduBal repository is a software framework
implemented in MATLAB/Simulink. It provides tools to
set up the hardware, i.e. an IMU calibration and a DC
motor identification procedure. An analytical model of the
robot dynamics derived in Section 2 is included alongside
a respective simulation. In order to make the robot op-
erational, a reference Simulink model is contained that
offers the possibility to choose from different controllers
and allows remote control operation. All models are built
using blocks from a provided Simulink library. Included
are blocks for accessing hardware interfaces such as the
IMU and encoder input, motor output, user interaction
elements and Wi-Fi communication. For angle estimation,
a complementary filter and a Kalman filter implementa-
tion are available. An example implementation of the full
state-feedback controller from Section 3.2 that uses the
provided blocks is shown in Fig. 7.

4.4 Safety logic

As the robot is used by students it must operate safely
under all circumstances. For that purpose a few safety
functions are implemented directly in the Simulink model.
Consequently the model must run for them to be active.

e Battery monitor: Using the balancer cable of the
LiFePo battery, the individual cell voltages are mon-
itored. In case of low voltage an audible warning is
given to prevent battery draining damage.

as explained in Section 3.2 using blocks from the provided

ameas

Fig. 8. Coordinate transformation from sensor to global
frame to estimate longitudinal acceleration from IMU
measurements

Angle limiter: In order to prevent unstable behavior
for poor controller implementations, motor control is
deactivated for a body angle exceeding the range of
—30° < 6 < 40°.
Wheel slip monitor: Due to its small size, students
tend to pick up the robot during operation. Depend-
ing on the controller implementation this leads to a
rapid acceleration of the wheels. Putting the robot
back down in this condition may cause unsafe behav-
ior. To detect when the robot is picked up, we monitor
the offset

Ap = Prvu — Pwnl (18)
where prvu is the longitudinal acceleration as mea-
sured by the IMU and pwn r¢ is the expected
longitudinal acceleration from observed wheel accel-
eration. When the robot is picked up or when it
drives on slippery ground, the resulting wheel slip is
detectable as a peak in Ap. Fig. 8 shows the IMU
attached to the tilted body. To calculate longitudinal
acceleration pryy the measured accelerations a,, a, in
the sensor frame are transformed to the global frame
using the estimated pitch angle 6:

Qmeas = V a% + ag 19
a

« = arctan <m> 20
az

B=a—10

Prmu = 51n(6) * Omeas
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Fig. 9. EduBal equipped with a vision module consisting
of a Raspberry Pi 3B and camera used in the task of
following a line on the ground

We purposely neglect the small influence of the ro-
tational acceleration 6 on ppyy as it can only be
estimated by a discrete-time derivative and is thus
susceptible to noise.

5. EDUCATIONAL USE

The motivation behind EduBal is for it to serve as an
example system for a variety of control tasks. Sections 2.2
and 3.2 are examples for tasks from system identification
and control design that were given to RWTH Master stu-
dents as part of a lecture about methods of Rapid Control
Prototyping (Abel and Bollig, 2006). In the laboratory, 30
students in groups of three worked together in solving the
tasks and implemented their controllers both in simulation
and on the actual robot using the MATLAB/Simulink
package. The Institute of Automatic Control developed the
EduBal robot to replace a former human-sized balancing
robot demonstrator. When introduced with the EduBal
robots, students showed high curiosity to learn about
the involved hardware. Provided with instructions, they
were able to handle the robot without close supervision.
The system was interactively analyzed and the controllers
tuned using Simulink’s External mode. After solving the
given tasks students quickly started a discussion about
new creative ways of applying concepts from advanced
control-theoretic lectures to this system.

At the Institute for Dynamic Systems and Control of
ETH Zurich, EduBal was adopted and it is planned to
be used as part of both undergraduate and graduate
lectures in control theory. In the exercises students derive
a linear model of the robot and analyze its stability. The
position control problem from Section 3.1 was developed
to analyze transient system behavior of the stabilized
robot as well as to design a SISO controller using the
root-locus method. Students are also tasked to examine
the effects of parameter uncertainty and gearbox backlash
nonlinearity. As the Bachelor’s course involves a number
of 420 students, 20 robots were built beforehand.

Apart from the use in coursework, EduBal has been the
subject of research to individual students. In order to im-
prove robust behavior for varying system parameters, the

implementations of a Sliding Mode and a H,, controller
were evaluated. With the goal of automatically following
a line on the ground, the robot was extended with a vision
module shown in Fig. 9. Based on the camera input a
student team implemented a line detection algorithm and
a lateral guidance controller that provides a wheel velocity
reference to the EduBal onboard controller.

6. CONCLUSION

In this work we presented EduBal, an open-source design
of a balancing robot aiming for the interactive education
of control theory. The robot is built from 3D printed parts
and custom circuit boards and due to its low cost can
be built in greater numbers for the use in laboratories.
Students can fully program the robot via Simulink using
the provided block library for interfacing with sensor
inputs and motor output. As an educational tool, it allows
teaching a wide area of control theory in practice of which
example tasks from system identification, SISO and MIMO
control were provided.

Current work aims for the integration of the robot into
advanced control curriculum. For that purpose the im-
plementation of (Nonlinear) Model Predictive Control is
investigated. Targeting the automatic parametrization of
the available controllers in experiment, safe bayesian opti-
mization is examined with the robot.
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