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Abstract: Computing in technological applications is typically performed with software running on
general-purpose microprocessors, such as the Computer Processing Unit (CPU), or specific ones,
like the Graphical Processing Unit (GPU). Application-Specific Integrated Circuits (ASICs) are an
interesting option when speed and reliability are required, but development costs are usually high.
Field-Programmable Gate Arrays (FPGA) combine the flexibility of software with the high-speed
operation of hardware, and can keep costs low. The dominant FPGA infrastructure is proprietary, but
open tools have greatly improved and are a growing trend, from which robotics can benefit. This
paper presents a robotics application that was fully developed using open FPGA tools. An inverted
pendulum robot was designed, built, and programmed using open FPGA tools, such as IceStudio and
the IceZum Alhambra board, which integrates the iCE40HX4K-TQ144 from Lattice. The perception
from an inertial sensor is used in a PD control algorithm that commands two DC motors. All the
modules were synthesized in an FPGA as a proof of concept. Its experimental validation shows good
behavior and performance.

Keywords: robotics; open FPGAs; robot control

1. Introduction

The most common approach taken for the computing required in technological applications is
using software which writes instructions for a general-purpose circuit, such as a Computer Processing
Unit (CPU) or Graphical Processing Unit (GPU) [1]. Another option is designing a special circuit for
this specific computation, where Application-Specific Integrated Circuits (ASICs) [2] are the traditional
hardware implementation for system design. This last alternative requires more effort and has high
development costs, but when an application requires real-time processing, such as a video, television,
or robotic controller for real-time trajectory generation, the requirements are highly demanding and
better met when implemented in hardware. However, in general, applications are more flexible when
implemented in software rather than in hardware, especially when they are not computationally
demanding or when they are non-critical. The emergence of Programmable Logic Devices (PLD) [3]
and reconfigurable devices, such as Field-Programmable Gate Arrays (FPGAs) [4] have changed this
scenario. The FPGAs are a well-established technology, not only for prototyping and development,
but also as a for ASICs in a growing number of applications, as they offer benefits very similar
to those of ASICs, such as high speed and reliability, but without requiring as much resources or
costs as the custom ASIC design [2]. In addition, these features go far beyond those possible with
microprocessor-based systems, while maintaining similar flexibility thanks to their reconfigurability.
Unlike microprocessors, FPGAs perform different operations in parallel, and it is unnecessary to
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compete for the same resources. Thus, incorporation of the FPGA in the industry has been driven
by the fact that FPGAs are the combination of the best features of ASICs and microprocessor-based
systems. Fields in which FPGAs are currently used include medical imaging, coding and encryption,
aeronautics and defense, voice recognition, artificial vision, and robotics.

Thus, FPGAs are definitively established in the digital systems market, with Lattice Semiconductor
Corp. [5], Xilinx [6], and Intel FPGA [7] as the main private companies. Xilinx, which recently
signed a large collaboration agreement with IBM, and Intel FPGA, the new trade name of Altera
after its acquisition by Intel, are market leaders. FPGA devices generally consist of a regular
matrix of logic blocks and an interconnection network, both configurable, together with multiple
I/Os. The high-end segment [8,9] has also integrated specific resources for digital signal processing,
support for networks, or embedded microprocessors, usually being ARM cores. Thus, synthesized
embedded microprocessors are included in FPGA devices, such as Nios II [10] or MicroBlaze [11]. More
recently, RISC-V [12], a free and open RISC instruction-set type of architecture, has been implemented
within Microsemi FPGA [13,14]. Moreover, FPGAs have a strong presence in the sector of artificial
intelligence [15] providing hardware accelerators in this field that can exceed the performance of GPUs.
Despite these advanced features, it is worth noting that these are proprietary FPGAs, and working
with them requires a large budget that is not always feasible, such as in educational applications.

ISE from Xilinx and Quartus II from Intel FPGA are proprietary software tools offered by these
companies for synthesis and analysis of designs to be implemented into its FPGAs, usually using a
Hardware Description Language (HDL) [16]. These software tools enable the developer to synthesize
or compile their designs, to examine RTL descriptions, to perform timing analysis, to simulate the
designs, and to configure the target device using the programmer [17]. There are currently two industry
standard HDLs: VHDL (very high-speed integrated-circuit Hardware Description Language) [18] and
Verilog [19]. To compare these two, on the one hand, VHDL is strongly typed, it has the ability to
define custom types, it can define multiple signals into one type, and the logical statement endings are
clearly marked. However, it is also extremely verbose, and needs sensitivity lists and type conversions.
On the other hand, Verilog is a compact language, performs logical tests on an entire array of bits
with a single operator, and is adequate for low-level descriptions closer to the actual hardware. But
nevertheless, it is a weakly typed language, it offers no support of custom types, the signal declarations
can be confusing, and it has reduced support for asynchronous signals. This scenario has forced the
search and development of new alternatives, such as SpinalHDL [20], an open-source high-level called
whose goal is to use simple elements (flip-flops, gates, if/case statements) to create a new abstraction
level and help the designers to reuse their code. Among their advantages over VHDL and Verilog are
the evolving capabilities, the reduction of the code size, the easy type conversions, the loop detection,
and that it is free and has a user-friendly IDE.

As mentioned previously, robotics is one of the application fields of FPGA [21–23]. Typically,
the implementation of robot intelligence and controllers in FPGAs provides many advantages, like
reliability and fast operation, which allow for better robot control. However, a large budget is required
to work with proprietary FPGA software tools and it is not affordable for educational applications, such
as educational robotics [24]. This paper presents a novel use of open-source FPGAs for educational
robotics using a new visual language for robot programming. Concretely, an inverted pendulum real
robot was developed. The main characteristics of this implementation and the performed experiments
confirm the feasibility of this proposal.

The rest of the manuscript is organized as follows: Section 2 is devoted to the related works
involved in open FPGA in robotics and the inverted pendulum, while Section 3 describes the design
of the self-balancing robot using open FPGA. Section 4 presents the experiments, where a real
implementation of the self-balancing robot over an open FPGA is carried out, confirming the feasibility
of the presented proposal. Finally, the main conclusions are presented in Section 5.
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2. Related Works

Three areas provide the context for the proposal in this study: the use of FPGAs in robotics, the
open FPGA community, and the robotic application selected as a proof of concept—the self-balancing
robot. Some key works are also reviewed in this section.

2.1. FPGA in Robotics

Robotics is one of the fastest-growing technological areas in recent years [25]. It is based on
systems composed of mechanisms which are able to make movements and execute specific tasks that
are programmable and intelligent. Some implementation solutions for digital control systems for robot
manipulators and mobile robots proposed in the literature use hardware technologies, such as DSPs or
microprocessors [26]. These solutions allow for real-time control, but since the DSP has limited output
ports, applications for control of humanoid robots, for instance, are not suitable. FPGA technology
avoids this limitation, ultimately reducing size and weight, and therefore, costs. In addition, due to
the efficient integration of embedded processors’ intellectual properties (IPs) into a FPGA, the highly
sophisticated algorithms with heavy computations required by robotic controllers can be performed
by software in an FPGA. Thus, many FPGA-based solutions have been implemented in the field of
robotics, such as a static gesture recognition system [21], an algorithm for collision detection between
Oriented-Bounding-Boxes (OBBs) [22], and an embedded, robust adaptive controller for mobile
robotics [23]. Many different works have shown that FPGA implementation of robotic applications is
the best solution for optimum performance. Robotics may generate benefits not only in the industry,
but also in classrooms [24], enabling the emergence of new learning systems. In addition, in a future
world where robots will be used in almost any activity, a learning approach using these systems in the
classroom enables students’ technological development at an early age, facilitating their integration
into the adult world. The following are some of the educational benefits of robotics: they drive
initiative and creativity; promote greater sociability; encourage algorithmic and mathematical thinking;
facilitate teamwork, problem solving, and active learning; and enhance self-esteem. However, in order
to facilitate educational robotics in the classroom, the systems must consider the following elements:

• A high technological integration level is not recommended;
• Robots must be sociable and fun;
• Programming frameworks should not be complex, their functionality should be limited to a

certain extent, and they must attract students’ attention and make them feel comfortable in the
context;

• It is important for the robot to have a series of sensors and actuators, as well as inputs and outputs
so that the results are visual.

A major obstacle to achieving these features in educational robotics is that most commercial
educational robot platforms are closed. Thus, robot vendors do not commonly provide support for old
control units, or when a deprecated robot requires an update or even simple preventive maintenance.
The manufacturer tends to recommend disposing of such a unit and acquiring a new one. It is worth
mentioning the well-known LEGO, PID control [27], and walking robot [28]. Open FPGAs and their
new graphical IDE tools may help to avoid this obstacle, as described in the following section.

2.2. Open FPGAs

Many HDLs, as well as FPGA architectures are linked to important companies, such as Xilinx and
Intel FPGA, and working with them entails high development costs. Hence, not many companies or
individuals can benefit from the advantages of using FPGAs, meaning FPGA technology progresses at
a slower pace. One of the keys to the success of companies like Arduino [29] is the large community of
people that stands behind creating new libraries, components, etc. This is mainly due to the low price
of its products and the possibility of finding all the hardware and software on the web. To understand
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the creation of open FPGA [30], it is important to understand the bitstream that is used to describe the
configuration with which a specific design will be implemented in a FPGA. This detailed bitstream
format for a particular FPGA is typically owned by the FPGA manufacturer. This is why Cliford Wolf
decided to interpret the bitstream of the Lattice iCE40 FPGA devices [5] and developed the IceStorm
tool [31], a translate software from Verilog and bitstream. This translation was possible thanks to the
inverse engineering, meaning that it is not the usual usage that is given, but the inverse. Thus, there is
no longer dependency on any manufacturer, and all knowledge is also available. From these tools, new
interfaces or new applications that were not foreseen by the manufacturer can be created. Nowadays,
the focus of the IceStorm project is on HX1K-TQ144 and HX8K-CT256 devices from Lattice iCE40, but
since it is an open project, a lot of people are increasing their chances. IceZum Alhambra [32] is an
FPGA development board including the open FPGA iCE40HX4K-TQ144 from Lattice. It is an open
hardware that is compatible with the IceStorm toolchain and with Arduino Uno shields. Figure 1
shows the Icezum Alhambra II Board. Important features of this board include the following:

• 12 MHz oscillator;
• On/off switch to enable or disable digital pins;
• 20 Input/Output 5 V pins;
• 8 Input/Output 3.3 V pins;
• Micro-B USB to program FPGA from PC;
• Reset button;
• Eight general-purpose LEDs;
• TX/RX LEDs;
• 4 analog inputs available through i2c;
• 8 K memory;
• Possibility of powering through LIPO battery.

Figure 1. Icezum Alhambra II Board.

This development board can be implemented with new open tools, like IceStudio [33], a graphical
IDE for free FPGAs, built on the IceStorm project. It provides simple tools to analyze and create
bitstream files—that is, the lowest level of implementation for an FPGA. Boards with better features
do exist, but IceZum II Alhambra provides open hardware that can be implemented with free and
open software tools. This board was created with the idea of making digital electronics user-friendly
for young students, allowing for a visual language for programming the FPGA [34], fulfilling the
aforementioned features required for educational robotics.
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2.3. Inverted Pendulum

The inverted pendulum is of one the most famous problems in terms of control theory and systems
dynamics [35,36]. An inverted pendulum is represented in Figure 2, and consists of a pendulum where
the center of mass is located above the balancing axis. Maintaining an upward equilibrium position is
a challenge, as this equilibrium position is unstable (a system is more stable when its center of mass
is closer to the supporting horizontal plane). As the inverted pendulum system is non-linear, it is
well-suited for control by fuzzy logic [37]. The inverted pendulum system has significant theoretical
value since it represents the basis of many complex systems, such as biped robot upright walking
balance control, rocket launch vertical control, spacecraft attitude control, and offshore drilling platform
stability control. Beyond its theoretical interest, the inverted pendulum is also attractive for university
professors of engineering and teachers in secondary education. In this paper, a solution for the inverted
pendulum problem is addressed using an open FPGA in order to correct its instability.

Figure 2. Representation of an inverted pendulum.

3. Self-Balancing Robot

In this section, the proposed solution for the inverted pendulum problem through the use of an
FPGA in coexistence with a micro-controller is described. Several aspects are addressed, such as the
physics of the self-balancing robot used in the experiments, the calculation of its structure, the sensors
and actuators used, the control system, and the design and manufacture of a Printed Circuit Board
(PCB) to solve certain engineering problems.

This section begins with a brief high-level description (Section 3.1) and continues with the details
of the perception element (Section 3.2). Subsequently, the connection between Arduino and FPGA
(Section 3.3), the PD control on FPGA (Section 3.4), and a motor block in IceStudio (Section 3.5) are
also described.

3.1. Design

The hardware design of the inverted pendulum control with FPGA is shown in Figure 3.
The microcontroller obtains the current angle of the system by means of i2c communication with an
Inertial Measurement Unit (IMU) sensor. In the microcontroller, once the current robot vertical angle is
read, a serial-type communication sends it to the FPGA in a binary format of 1 byte for the integral part
and 1 byte for the decimal part. Inside the FPGA, the robot angle is read and the speed commands to
the motors for correction of the angle are calculated by a basic PD controller. A shield with a DC motor
driver is connected to the FPGA, and provides the possibility of varying the speed and the movement
direction of two DC motors that permit the stabilization of the system.

3.2. Perception

Continuous knowledge of the angle is necessary for its analysis and correction. For this purpose,
the MPU6050 sensor was used, and connected to an Arduino Nano by i2c communication. In order to
correct some of the data collection problems such as noise or drift, it incorporates an internal processor
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(Digital Motion Processor, DMP) that executes data fusion algorithms (Motion Fusion) to combine
the measurements of the internal sensors, avoiding the necessity of performing the filters externally
(Figure 4).
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Figure 3. Hardware design of the inverted pendulum control with Field-Programmable Gate
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3.3. Arduino-FPGA Connection

An integration between the microcontroller and the FPGA allows sequential and parallel tasks to
be distinguished, assigning each process to the microcontroller if it the task needs to be sequential,
or to the FPGA if the process can be parallelized, thus obtaining certain advantages. More than
one option exists for the microcontroller/FPGA integration. In this work, physical coexistence with
communication between them was chosen. They can also be integrated by means of several types of
communication. Serial communication was selected as the most appropriate type due to the numbers of
pins available in the FPGA. The communication would only be unidirectional, with the microcontroller
sending information to the FPGA about the current angle of the robot in order for the FPGA to analyze
and actuate starting from that angle. There are thus two parts in this serial communication: from
the point of view of the microcontroller, and from the point of view of the FPGA. The sensor reading
acquisition in the microcontroller is described in Section 3.2, while only the communication with the
FPGA is analyzed in this section. The diagram flow on which the C-code of the microcontroller is
based is shown in Figure 5.
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For correct and easy understanding by the FPGA, it is necessary to send the represented angle
as several bytes in binary format, not as ASCII codes. The “Serial.println’” Arduino function was
discarded, because it used ASCII codes and would even send the comma character to separate the
integral and the decimal part. Instead, the Arduino function “Serial.print(Angle)” was used, which
sends a binary number through the serial port. The representation and sending of the angle reading
was separated into two bytes, as shown in Figure 5. The first byte is the integer part (from 0 to 255)
and the second byte is the decimal part (from 0 to 100). No comma is sent over the wire. In FPGA, an
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input pin will continuously enter data from the transmission pin so that it can make a correct reading
of the byte. It is necessary to know:

• When a byte transmission starts;
• When a byte transmission ends;
• When a bit can be captured;
• When the necessary bits are saved in a buffer until the byte is complete.

In order to solve the previous problems and features, an intermediate module in IceStudio
(Figure 6) was implemented.

Figure 6. Appearance of Arduino Nano module in IceStudio.

This was implemented in Verilog by two machine states, with their corresponding sensitivity lists
and the diagram flow represented in Figure 7.

SERIAL 
DATA

FPGA 
CLOCK

START

DATASIDLE

STOP

bit_ready

BYTE_READY

save_buffer[7:0]

8 bits in 
buffer?

TRUE

FPGA CLOCK 
16200 baud

Generated pulse 
by process 1 
when bit is 

ready DATA_BUFFER

BYTE_READY

PROCESS 1 PROCESS 2

Figure 7. Diagram flow for Arduino interface.
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Two distinct processes were used:
Process 1: This process only provides the next system state at the moment at which it can capture

a bit and save it in the buffer. Thus, it is necessary to know the speed of the transmission. The states
are the following:

• IDLE: The process remains in this state until the transmission starts, which will then lead to the
next state (START);

• START: The serial transmission protocol begins with a start condition, and this state will allow
recognition of when this condition ends in order to start saving bits in the buffer;

• DATA: Since the transmission speed is already known and the condition of START in the previous
state has been recognized, in this state a flag will change its value when the bit is ready to be
stored in the buffer, of which Process 2 will be in charge of this storage;

• STOP: In addition to a START condition, the serial transmission protocol used in Arduino has
a STOP condition. This state allows recognition of the time Arduino takes to carry out this last
condition—it will then return to the first state until a new transaction begins.

Process 2: This process is activated by Process 1. When Process 1 determines that a bit is available
on the bus to be captured, it will set a clock flag on, initiating Process 1 through a sensitivity list. An
example flow diagram could be:

• Wait until the sensibility list is activated—this will indicate that a bit can be captured;
• Bits will be stored in a buffer forming a byte, which will represent the integer or decimal part of

the angle at that moment;
• When the byte is prepared to be captured by two consecutive modules, a channel will be on. Both

the outputs and the buffer with the 8 bits and the “byte_ready” channel will be available.

At this point, the FPGA is able to differentiate between when it can capture a byte (BYTE_READY)
and from where it has to capture the data bus (DATA_BUFFER). However, an aspect that is not part of
the communication itself is that it is important to analyze whether a correct operation is required—that
is, if the microcontroller has been previously told to continuously send the integer and decimal part of
the angle. If this data is not correctly interpreted, it is possible that an angle on the FPGA is formed by
a decimal part of an angle n, and the integer part of the angle n + 1. To do this, a module is created
in IceStudio that is capable of ordering these values. The appearance of this module in IceStudio is
shown in Figure 8.

Figure 8. Module to arrange data from Arduino.

The final communication system between Arduino and IceZum Alhambra from a POV of the
FPGA is represented in Figure 9.
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Figure 9. Communication between Arduino and IceZum Alhambra.

3.4. PD Control in FPGA

A PID controller can simply be used to control the stability of the system. One of the facilities
provided by this type of controller is the ease of implementation. The flow diagram of the P controller’s
behavior is shown in Figure 10.

Integer_part

decimal_part

VELOCITY

OFFSET

KP

Pulse when data 
is ready

Figure 10. Flow diagram of P control.

The most important features are briefly explained as follows:

• Both the integer part and the decimal part are represented as 8-bit data without a sign. In order to
give greater importance to the integer part, there is the option of dividing the decimal part by
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100 (Figure 10) or of multiplying the integer part by 100. The first option does not provide good
behavior due to the digital treatment of the floating comma. Thus, the second option is preferable.

• The two integer and decimal components are added, and then it is multiplied by a Kp constant,
defined as a parameter which can be dynamically changed.

Referring to the D controller, the flow diagram implemented in Verilog is shown in Figure 11.

VELOCITY

-

Integer_part * 100

decimal_part

DATA1

DATA2

KD

Always data_ready

STATE2

STATE1

Integer_part * 100

decimal_part

DATA1

DATA2

Figure 11. Flow diagram of D control.

Its implementation is composed of a state machine with two states, which will change at each
pulse on the data_ready. This means that it will change whenever a new angle is available. The D
controller is based on its operation on the prediction of future errors. The derivative control action
generates a control signal proportional to the derivative of the error signal. A subtraction (derived
from the error in time) is therefore carried out between the current error and the last error. Its result is
multiplied by the constant Kd. Referring to the closed-loop feedback system, Figure 12 shows the final
appearance of the present work developed using IceStudio.
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Figure 12. Final appearance of the self-balancing in IceStudio.

3.5. Motor Block in FPGA

In order to correct the current angle and obtain the stabilization, two DC motors were used. The
speed of the motors was controlled by a PWM connected to the driver motor through the FPGA.
Therefore, a PWM module generator, whose appearance is shown in Figure 13, is needed.

Figure 13. Appearance of PWM module in IceStudio.

Figure 14 shows the block diagram representing its behavior.

START

COUNTER 
+1

COUNTER == VELOCITY ?

FLAG ACTIVE

FALSE

TRUE

FALSE

TRUE

FPGA CLOCK

START

VELOCITY

CLOCK 
FPGA

PWM SIGNAL

Figure 14. Flow diagram of PWM generator in Verilog.
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4. Experiments

In this section, the self-balancing robot will be addressed purely from a hardware perspective
describing the chosen physical model and all its components.

4.1. Physical Robot

4.1.1. IceZum Alhambra Board

The Alhambra board (Figure 1) was used as the main board and open FPGA (Section 2.2) to
implement all the necessary systems that can be parallelized. For this purpose, the PD control, the
calculation of the speed, and the motor control were implemented on this FPGA.

4.1.2. Arduino Nano-Processor

In order to allow a simple implementation of i2c communication with MPU6050 (implementation
with FPGA was tested and is described in Section 4.4) and to avoid complex calculations in the
FPGA, an ATMEGA microcontroller (Figure 15a) was used. Arduino Nano was chosen to develop the
above features.

4.1.3. MPU6050

The MPU6050 (Figure 15b) is an Inertial Measure Unit (IMU) with six degrees of freedom (6DOF)
manufactured by Invensense. It has an accelerometer and gyroscope, and allows communication
by both SPI and i2c bus. To correct some of the data collection problems, it incorporates an internal
processor (Digital Motion Processor, DMP) that executes data fusion algorithms (Motion Fusion) to
combine the measurements of the internal sensors, avoiding having to perform the filters externally.

4.1.4. Motor Driver

For the DC motor control, which allows for robot stabilization, the MC33926 was used. It allows
control of the speed and direction from up to two motors using a PWM signal which is generated by
the module described in Section 3.5. The Figure 15c represents the motor driver.

(a) Arduino Nano board (b) MPU6050 IMU (c) MC33926

Figure 15. Physical components of the Self-Balancing Robot.

4.1.5. PCB Shield

After implementing the entire system and considering the necessary connection diagram between
the microcontroller and FPGA and the motor driver, a printed circuit is advisable to solve some noise
problems, the excessive number of cables, etc. A printed circuit board was developed using Altium
Designer [38] as the design tool.

Figure 16 shows a 3D representation of the final system with all its added components.
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Figure 16. 3D representation of shield for IceZum Alhambra II.

4.2. Inverted Pendulum

Knowing the physics of a self-balancing robot [39] and aiming to solve the classic problem of
the inverted pendulum, the mechanical structure of the Figure 17, designed with SolidWorks [39], is
proposed to integrate and assemble the rest of the components.

Figure 17. Balancing Robot perspective.

Different aspects of the design of this structure are considered, which are directly related to the
physics of a self-balancing robot, and with it, of the inverted pendulum. As mentioned in Section 2.3,
a system at rest is stable when its center of mass is closer to the horizontal plane. If we consider that
the nature of the proposed system is inherently unstable, it is necessary to know the best point to
situate the center of mass in order to provide better stability. According to the mathematical modeling
characterization, it is assumed that, in order to achieve greater ease in stabilization, the center of mass
should be placed above the midpoint of the vertical axis of our system. Therefore, in order to achieve
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this positioning, we must consider the weight of all components. In Figure 18, a SolidWorks calculation
is represented from this center of mass where only the heavier components of the final system are
considered, including DC motors, batteries, mechanical structures, and wheels.

Figure 18. Final system of center of mass.

4.3. Final Results

A set of videos demonstrating the correct behavior in the Self-Balancing robot can be seen
at (https://www.youtube.com/watch?v=u-KACjWmcKw). Also, the process through to the end
can be found in (https://youtu.be/dQg8NQP7CfQ, https://youtu.be/d_1bnjbpQks, https://youtu.
be/mLyxewOVGug). In order to manufacture the mechanical structure, a 3D printer was used
(https://youtu.be/rKoIdgaJU2k). The final system is shown in Figures 19 and 20.

Figure 19. Final system with physical components assembled.

Figure 20. Final results of Self-Balancing Robot.

https://www.youtube.com/watch?v=u-KACjWmcKw
https://youtu.be/dQg8NQP7CfQ
https://youtu.be/d_1bnjbpQks
https://youtu.be/mLyxewOVGug
https://youtu.be/mLyxewOVGug
https://youtu.be/rKoIdgaJU2k
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4.4. Alternative Design without Arduino

The proposed design before adding the microcontroller is shown in Figure 21.Version January 31, 2019 submitted to Electronics 17 of 19
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The capture of the angle value was implemented in the FPGA. To do this, an i2c module was
developed—and this presented a challenge, particularly considering the fact that a state machine and
tri-state module were needed. The MPU6050 outputs were reminded without the use of DMP—2 bytes
which corresponded with the accelerometer and gyroscope (12 bits for each one). The bytes had to
be filtered and carefully treated in order to solve the drift problem and noise. Moreover, these values
must be combined to allow reliability in terms of time and to blend the advantages of both sensors.
The above development is not feasible with the number of logic gates or with the need to use sine and
tangent functions. For this reason, a microcontroller with the i2c incorporated and the possibility of
using DMP was clearly the best option.

5. Conclusions

FPGAs are a good intermediate option between microprocessors and ASIC for computing in
many technological fields, as they combine the flexibility of software with the high-speed operation of
hardware, and can keep costs low. However, most of the FPGA tools are currently proprietary and
expensive. The open-source community has developed good FPGA editing and synthesis tools like
IceStorm, IceStudio, and the IceZum Alhambra board. Currently supported FPGAs are not yet the
most advanced models, but they already allow for the development of interesting robotic applications.
A proof-of-concept robotic application was described in the present study—i.e., the inverted pendulum
robot. It was fully developed using open FPGA technologies. It includes a perception module, a control
module, and a motor module. Perception is based on an inertial IMU sensor. It was first developed
with the sensor directly connected to the FPGA board, but there was significant noise in the data from
this sensor. Finally, an intermediate Arduino processor was selected to filter out the noise and to send
the filtered IMU data to the FPGA board through an i2c connection.

The control module performs a Proportional Derivative (PD) feedback algorithm inside the FPGA
board. It feeds the motor drivers with the proper commands to keep the inverted pendulum robot
raised and standing up even in the presence of disturbances. The FPGAs allow a new hardware
approach to robot programming. Instead of a sequence of instructions, the robot logic is designed
naturally in a parallel way by default. The main decomposition of robot tasks is now spatial in
the FPGA circuit, which is more than sequential in the processor time. All the modules inside the
FPGA hardware run concurrently at a pace of clock frequency. This can be of great use, for instance,
in reactive robot behaviors. The hardware allows for continuous control instead of iteration-based
software. Regarding future research, the authors are working on programming a drone with a camera
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to visually follow colored objects in 3D, fully using open FPGA tools. This includes the support
for image acquisition directly from the FPGA circuit and the communication with common drone
flight controllers (like PX4 or ArduPilot) through PPM encoding. A second consideration to extend
the current work is the development of a library of FPGA blocks which can be reused in further
robotics applications.
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