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Abstract

This paper describes the design and construction of a lighter than air robot blimp (LTARE). The
biimp has both shared autobamy and fully sutonomous modes. The blimp iz designed to fly indoors
and play a game called Deferd the Repubiic, and it is sponsored by the United States Department
of the Navy, {ffice of Naval Research In this pame, blimps fly around and caphure foating
balloons, The blunps then score by finding a goal and putting the ballpons through the goal, The
blimps’ tnajor syb-components, described in this paper, include: 1) Airframe, 2) Buovancy, 3)
Propulsion, 4) Balloon capture and scoring, 51 Avionics, and 6} Guidance and Control. This project
has been integrated inte multiple Baylor University engineering courses.

Introduction

Thik paper describes the design and constmuction of a lighter than air cobot blimp (LTARB}, Figure
la, The blirnp bas both shared autonomy and frlly autopomeos modes. The Blimp 15 desipoed o
fly indoors and play a game called Defend the fepublic. In this game, there are iriangle, square,
and cirele goals oo cach end of the arena. Esch team’s blimpsz fly and captura floating round green
balloons, The blimps then identify their respective goals, fly 1o them, and score by pushing the
arecn balls through the goals. This project has been integrated inte a Baylor University capstone
design couwrse (“Senior Design”) and 30 embedded systems enpineering course. It has also been
usad as an example in a Baylor Unjvetsity aulomatic control syslems course, and a5 a project in &
speelal projects enpineering elective course. Wark on the praject started in the Embedded Systems
course: and coplineed ioto the Senior Desipn course, The project has seen continued work after the
Senior Destpn comrse involving a teatn comprised of updergraduate and graduais shudents,

This paper first describes bow Lhis project was inteprated into four Baylor University courses.

Then, more details of the blitmps" majar sub-components are described. Sub-components include:
Airframe, Buayancy, Propulsion, Balloon Capture & Sconng, Avionics, and Guidance & Comitral,

This wark relates lo Department of Wavy award NOO0 1422 12190 issued by the Office of Naval Research.
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Figure 1. Images from the Spring 2022 competition venue at Indiana University a) Image of a
Baylor University Lighter Than Air Robot Blimp (LTARB) Flying Towards Balloons for
Capture and b) Game Space at Indiana University [1]

Course Involvement With the Project

The project has been integrated into multiple Baylor University courses: an embedded systems
course, a senior design course, & feedback controls course, and an independent study special
projects course. The integration inio each of these courses is briefly described in the following
sections,

Embedded Systems Design class (ELC 4438):

In Baylor University’s Embedded System Design class, studenis design and implement embedded
computer systems using microcontrollers, sensors and data conversion devices, actuators, visual
display devices, timers, and applications specific circuits. Students perform sofiware design using
microprocessor cross-development systems and learn real-time operating system principles. In the
Fall 2021 semester, as their final project, a team of six students designed, constructed, and
demonstrated the robot shown in Figure 2. The students were tasked with creating a lighter than
air robot vehicle that would track a moving object and move the vehicle to point at the moving
object. Figure 2.a. shows the completed prototype. The robot is buoyed by balloons as shown at
the top of the picture. The robot is tethered to a polyvinyl chloride (PVC) plastic fube test stand
to constrain the robot’s movement, Figure 2.b. shows the robot and three of the four motors, Twao
motors and propellers point up, and two motor and propellers point forward. Figure 2.c. shows the
embedded control system and battery. The avionics would have been too heavy to mount on the
balloon in this prototype, so it was mounted on the PVC test stand. This allowed the team to test
the main computing aspects of their design.

The team of six students split into three pairs to accomplish three major objectives of this project.
Two studenils researched the OpenMV microprocessor/camera module. They implemented color
recognition to identify a green balloon and also worked on feedback control to the motors. Two
other students worked on the four brushed motors and the two motor drivers. They did all the
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hardware wiring and researched how to drive the blimp’s motors. Finally, two studenis researched
wireless networking so that different parts of the blimp could communicate with one another and
potentially other blimps. They set up a Mosquitto broker for MQTT publishing and subscribing
over wifi.

Figure 2, Embedded Systems course Robot Blimp Prototype
a) Entire System showing a bundle of balloons at the tap 1o provide buoyancy and a white PVC
tubing test stand fixture b) motors on the body of the “robot’” and ¢) microcontroller hardware
The microcontroller and battery were nol mounted on the robot because this was out of scope for
the embedded systems project.

Enginecring Design 11 class (EGR 4390):

Engineering Design [I (informally known as Semior Design) is a capstone design course that
emphasizes learmning and applying decision-making processes used by practicing engineers.
Students learn to apply the basic sciences to optimally use resources to mect stated objectives. The
lighter than air robot blimp team consisted of six students, of which four were mechanical
enginecring (ME) students, and two were electrical and computer engineering (ECE) students. The
team was first presented with the blimp project’s goals and constraints, and one of the team’s initial
design exercises was to generate ideas using tools such as morphological charts and function
means trees. Figure 3 shows eight design alternatives developed by the team over the course of
the Spring 2022 semester. The team created the design shown in Figure 1.a.

Automatic Control Systems class (ELC 4332):

In an Automatic Control Systems class, students leam 10 analyze and design linear feedback
control svstems. They learn to apply concepts of Laplace transforms, transfer functions, electrical
and mechanical system modeling, system stability, ime-domain response, root-locus method, and
compensator design. The instructor was able to use this blimp project as an in-class example of
both modeling and feedback control system design.  Future work may include using blimp
hardware to further illustrate and teach feedback control concepts.
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Figure 1. Example list of prototype design ideas generated by the Senior Design team for a client
meeting

This Special Projects course 13 rpieally a one-on-one ¢oursc whers stadeats work with a professor
to pursue advanced topics andior special project activities in electrical or compriter enginesnng.
In Fall 2022 ome student, who was previously on the Senior Design Blimp team, chose to continue
the design and development of the LTARE vehicles.

Major Blimp Sub-components

The robot blimp can be separated into six categories: 1) Airframe, 7] Buoyancy, 3) Propulsion, 4)
Balloon Capiure and Scoring, 5] Avionics, and 6) Guidance and Control. Each of these categories
are hriefly described below.

1) ATRFRAME
A rigid airframe compossd of balsa wood strips construeted into & hollow square body is wsed
[2], Figute 4.a. Balta wood 13 used for s sage of procument, low-east, lighbweight and s
sinple to uze for consmuction

) BUOYANCY
The aerostats wsed are custom made Mylar balloons filled with helium and attached 1o the
airfrarne 10 provide buoyaney [2], Figure 4.b. Neutrzl buoyancy s desired which can be
achieved through the adjustment of helivm volome and weight of the robot blimp, Mylar is
used because of its lightweight and able to be constructed into complex shapes,
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3)

4

3)

&)

PROPULSION

Four brushed DC motors are used for propulsion, two motors for horizental propulsion and
two motors for vertical propulsion, Figure 4.¢. The motors are connected to the robot blimp
via three dimensional (3D) printed motor mounts which slide onte the balsa wood strips,
allowing modular installation and removal.

BALLOON CAPTURE and SCORING

The airframe of the robot blimps is hollow to allow space for the captured balloons to sit inside
securely, Figure 4.a and Figure 4.d. A micro servo motor with a balsa wood rake at the face of
the robot blimp allows the balloons inside, keeps the balloons contained, and allows them to
be released for scoring, Figure 4.1 A second micro servo motor within the airframe is used to
knock the balloons out of the airframe for scoring on poals. Figure 4_e. shows a square goal.
AVIONICS

The avionics used are a microprocessor, camera, altimeter, and proximity sensor. The hardware
used is the OpenMV HT R2 microprocessor system, Figure 4.¢. The OpenMV controls the
system using 12C, color detection to identify balloons for capturing and color detection to
identify goals for scoring,

GUIDANCE and CONTROL

A proportional derivative (PD) controller 1s used for the autonomous control, tracking and
guidance of the robot blimp [3][8].

e e}
Figure 4. Major Sub-components of the LTARB and competition

a) Three dimensional (3D) model of airframe [4] b} Inflated Mylar balloon which was
constructed inhouse ¢) One of four DC Brushed Motor used for propulsion d) Green balloon
that the robot blimp tries to capture and put through goal for scoring ¢) One of three uniquely
shaped goals on which the robot blimp is trying to score. ) Servo motor with balsa wood rake
attached to open and close face of robot blimp. h) OpenMV microprocessor used 1o control the
robot blimp
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LTARB Senior Design Version

The first full system of the LTARB iteration was completed in the Baylor University Engincering
Design Il (Senior Design) engineening course. The design goal of the project was to develop a
LTARB swarm that could participate in the Office of Naval Research sponsored Defend the
Republic competition by the end of the course. The competition involves teams of LTARB swarms
competing in matches against cach other. Figure 5 shows the final robot blimp designed during the
Senior Design course, The LTARB s capable of autonomous capture, scoring as well as manual
operation. An OpenMYV is the on-board computer used for motor control, balloon capture and
scoring. A servo motor opens and closes the face of the LTARB using a balsa wood rake. A
proximity sensor placed at the face is used to detect balloons entering the airframe which triggers
the rake to close, The opening and closing of the face allow balloons to be captured and released.
A rack and pinion inside of the airframe pushes captured balloons outside for scoring, Figure 5.h.

b)
Figure 5. The LTARB Senior Design Final Version [1]. a) the blimp at the competition, b) the
green lines identify the rack and pinion system used to push the captured halloons out of the
vehicle.

During the capture and scoring process, color detection 15 used 1o identify the goals and balloons.
The balloons and goals are different and distinet colors which allow identification through color
possible. Four brushed DC motors are used for the vertical and horizontal propulsion. The P2
controller is used to adjust the motors 1o maintain a certzin height or to track an identified object.
The OpenMV camera can detect the center of an identified object and how far its center is from
the camera’s center of view. The distance from the camera’s center of view to the center of the
object is used for proportional aspect of the controller, Figure 6.
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Figure &. [mage of OpenMY Measuring Distances for PD Controller Calculations

The derivative feedback control uses vahses calculated from the error of the current distanca and
previous distance from the center of the halloon. These two values, shown as dedra z and dedta p
in Figure 6, are uzed to calculate the direction the motors spin and the speed of the motors [B]
Three Mylar balloons are used for buoyancy, twa large balloons secarad to the sides and one small
ballgon scoured o the wop. A method, whuch wall be discusscd lalcr i the paper, has been
developed so that the custom Mylar balloons can be constructed at Baylor University.

The state diagram of the robot blimp is provided in Fipure 7, There are six tetal states for the robot

blimp and four of the six are used for its atonomous operation. The manual state allows control
of the robet blimp via 2 controller.
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Figure 7, Senior Design LTARE State Diagram [4]
LTARE Updated Design

Since the completion of the Baylor Lniversity Senior Design #oginesring course, the robol blimp
has been updated with new changes, Figure 8. A team of wodergraduale and graduate students have
continued developing the LTARB. A new sinaller design wag created, and work of the older design
was continued, The smaller LTARE was designed with the capabilities to capiure and zcore one
bailoon at 2 Gme. This was so the swamn could still participate in the scoring aspeci of the
comnpehibtion. The larger LTAREB from the senior design cowrse was modified to ooly capture and
cotitajn multple balloons, Smce the design bas changed ro capture only, the rack acd pinion was
rettiovsd. The proximuty sénsor has also been removed to prevent fzlse wiggers from aleeady
captured balloons, The DC brushed miolors have alse heen updaled to more powerfill motors. The
motors were changed because the Defend the Republic match arena at Indian 1/niversity has strong
air currents which are difficult to overcome. The ammows on Figure 1.b show the areas in the arena
where styoog 2 suments are present. The OpenhlV, swidance and control has remaimed the same.
The airframe now uses lightweight string for ehsion which adds stability to the balsa wood and
helps contain the capmred balloons. The elecirical system and airframe have been designed o be
mére modular to make assembly of the robot blimps easier and faster for the competiion. The
clectrical system can be removed from the airframe without being disassembled and the airframe
uges precul-to-length balse wood, Three large Mylar balloons are uzed for buoyaney and ail three
are now attached to the top of the robot blitnp.
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Figure 8. Image of LTARB Updated Design

The state diagram of the updated robot blimp can be found in Figure 9. There are four total states,
the score balloon and retumn to side state have been removed, Figure 9.

A
R[ﬂ. [ELAN
o s
- L I i—
Roml_ ksl mix_ Ealk]
] i
T el e Cralard Ea
JE——
e
ARG (£ =4
W
Finead daiede]
[P
repsng W gl H&LL
\ HHEEET
-
J FAR_ EwE]
L]
[ L -
i TR

I TT recsamsa i
eedbuicie

Figure 9. Updated State Diagram of LTARB
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Mylar Balloon Design and Construction

The buoyancy of the robot blimp 15 achieved by using helium filled Mylar balloons, Figure 10.a.
The Mylar used is a metallized film that 18 heat-sealable which makes it light weight and ideal for
inhouse balloon construction. The weight of Mylar is 1.39 g/ cm? which is considerably lighter
than other materials considered [5] [6].

a)
Figure 10, Mylar used for buoyance. a) Image of Custom-Made Mylar Balloons, b) Outside
Colored Lining and Inside Silver Lining of Mylar

The construction process of the custom Mylar balloons consists of cutting the Mylar, attaching a
vilve, and sealing the Mylar. The first step s to cut out two Mylar sheets of the same dimensions,
the balloons in Figure 10.a. were cut to be 3x4 fi. Mylar has a silver-colored side, the silver end is
what is used to create the seals between the two Mylar sheets with heat, Figure 10.h.

Once the Mylar has been cut, the second step is to acquire a premanufactured balloon that has a
valve and a silver lining on the inside. The valve is cut from the premanufactured balloon se it can
be used for the Mylar balloon. Half of the valve is sealed 1o one of the Mylar sheets and then the
second half of the valve is sealed to the other Mylar sheet. The seal is created by using heat to meh
the silver lining of the valve to the silver lining of the Mylar. A mini-iron with a flat tip is pressed
down and run across the mylar to melt and seal the Mylar, Figure 11 and Figure 12.

Fjgure 11 Mlm lmn Used for Sca]mg the M:.-'Im'
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After the valve is securely attached to the two Mylar sheets, the sheets are then sealed together.
The steps are as follows: With a large flat surface, tape one Mylar sheet flat to reduce creases while
the silver lining is facing up. Then tape the second Mylar sheet with the silver lining facing down
onto the other Mylar sheet. Secure the second sheet with tape, try to remove any creases, and align
the two sheets as best as possible. Once this is done nun the iron around the edges to seal the Mylar
sheets to each other, Figure 12. During the construction process, damage to the work surface can
pccur and it is encouraged to add a protective layer. Specifically, when sealing the Mylar, the
colored side of the Mylar will melt off onto the work surface. Cutoff any excess Mylar that is not
needed 1o remove any unnecessary weight.

—

Figure 12. Image of Custom Mylar Balloon Construction [4]

For the Defend the Republic matches, there are rules limiting the amount of helium used total for
the swarm and for each individual robot blimp. Due 1o these rules, a method was devised to

estimate the volume of helium the 3x4 fi constructed Mylar balloons could hold. Figure 13 and
equations (1) to (6) describe the first method used involving a cylinder and half spherés.

OEEDIRCROINP=

Figure 13: Volume Calculation with Cylinder and Half Sphere Method

II"'E'].'HmIEr = mabh {1}
Vestinder = {15 in)(9 in)(28in) = 11875.2 in® (2)

11875.2 in* = 6.872 fr?
4 1
Viairsphere = l; rm:ch - (3)

Vasigiions ™ §m:15 in)(9 in)(8 m]]% = 2261.95 in® (4)

CESTRMEUTION STATEMENT A Approvaed for public release; disifibufon unimied 11 od 16



Ao o, DCMNE 054.3-82-20
12

226195 {n* = L.30% f¢3

Froeet = Veyunaer + 2Vgairsphere {5
Voorae = 6872 F1* + 201,309 F1¥) = 0,49 F¢* {6
To help confirm the accuracy of the volume calculations, a second and more conservative method

wag ugecd. This sccond metbod used a cube and iriangles, and it is described in Figure 14 and
equations (T (12,

" h
1 Z 1: - 2 A L
Frgure 14: Volume Calculations with Cube and Triangle Method

Frype = wih {7}
Viupe = (3003028 in){18 in) = 15120 in? {§)

15120 in® = B.75 fir?
Vrrtangie = 3 B (%)
Veriangte = %{m i)(B {18 in} = 2160 in’ (10}

2160 in* = 1.25 fr’
Vrarar = Veube + 2Vrriapgie (11}
Vpgrar = B.75 ft? + 20125 ft%) = 11.25 f? (12)

Robot Blimp Image Processing Testing and Results

The rabot blitap neaded to be tested to determine aulonomous capabilities of idantificarion, The
OpenMVY comes with multiple programs already developed, and one of them is color detechom,
ldeohficanen testing of the balloons and gosls i3 done by wsing eolor detechion. If & gréen balloon
15 suecessiully identified by fhe rolot blimp, a live [eed image Fom the OpepMY will have a white
box suovnding the bellocn, Figure 15, The same testiog process i3 wsed for goal identification.
A white box will appear on the goal with it is suecessfully identified by the robot blimp, Figure
le.
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Figure 15 is a frame captured from a live feed image from the OpenMV when p-uim:& al a green
balloon. The white box surrounding the balloon means it was successfully identified.

Figure 15. Image of OpenMV Balloon Detection

Figure 16 is a frame captured from a live feed image from the OpenMV when pointed at a goal.
The white box on the goal means it was successfully identified.

Figure 16. Image of OpenMV Goal Detection

Mylar Balloon Lift Testing and Results

The volume calculations for the Mylar balloons were validated by experimentally determining the
total lift capabilities of the balloons. A known constant of 28.2 g / ft* for how much weight per
cubic feet helium can lift was used to caleulate the actuzl volume of the balloons [T]. The total
lifting capabilities of the Mylar balloon is the weight of the deflated balloon and the lifting
capability when inflated. A scale was used to determine how much weight the balloon can Iift
when inflated. Tape was used to secure the inflated balloon to the scale to allow measurements of
the lifting capabilities. Figure 17 shows the test setup for measuring the lift of the balloon.
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Figure 17. Experimental setup for testing the cu:rn Mylar balloon's lift capability

Table 1 contains the summary of the test results. The Mylar balloon when not inflated weighed 69
g. The lift measured from the scale was 131 g. The total lift of the balloon was 200 g. The actual
volume was then caleulated and compared to the theoretical volume from the described calculation
methods,

Calculation | Theoretical Mylar Measured Total Actual %4 Error
Method Volume Weight Lifi Lift Volume

! 9.49 f* s | 25.29%

3 1125 i3 69 e 131 g 200 g | 7.09 ft 36,080

Table 1. Summary Results of Mylar Balloon Lift Capabilities. This compares theoretical
caleulations to measured data

Test Analysis

The robot blimp has proven able to successfully identify the green balloon which is supposed to
be captured during the match. It has also proven that the goal which is supposed to be scored on
after the green balloon has been captured is identifiable. This suggests that with proper
implementation of the PD coniroller and serve motors the robot blimp is capable of capture and
scoring autonomously,

The Mylar balloon testing has shown that the two described volume calculations have emmor. Our
calculation methods are still reasonable if the volume is being calculated for the Defend the
Republic competition. The competition has rules limiting the amount of helium being used which
means it is better to overestimate than underestimate the volume of heliom. Depending on other
purposes, the error can be considered high and an insufficient method,
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Summary and Conclusions

Baylpr {Iniversity hag guceessfully designed and constructed 3 LTARE through couwrses and
special design 1eams. The LTARB project was firsl slarted in the Embedded Systems course then
passed onto the Sentor Design course. The mbot blimp design has changed from capture and
sconng to capture only through its design history. The Mylar balloon construction method has
been proven o be a suitable means of creating custom kalloons for LTARB. In addition, the
¥olume calculation method for the custom Mylar balloons proved beneficial in estimating the
volume capaeity in certain applications of the balloons. In conclusion, with proper molor contmol
an autonomownsly LTARRB capable of pattizipaling in the Defend the Republic competition hag
been successfully desigmad.
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