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ABSTRACT

NowadaysnhanoUnmannedAerialVehicles™(UAV’s),suchasquad-
copters,haveverylimitedfiighttimes,tensofminutesatmost. The
mainconstraintsareenergydensityofthebatteriesandtheengine
power required for fiight. In this work, we present a nano-sized
blimp platform, consisting of a helium balloon and a rotorcraft.
Thankstotheliftprovidedbyhelium,theblimprequiresrelatively
little energy to remain at a stable altitude. We also introduce the
conceptofduty-cyclinghighpoweractuators,toreducetheenergy
requirementsforhoveringevenfurther. Withtheadditionofasolar
panel,itisevenfeasibletosustaintensorhundredsoffiighthoursin
modest lighting conditions (including indoor usage). A functioning
52gramprototypewasthoroughlycharacterizedanditslifetime
wasmeasuredindifferentharvestingconditions.Bothoursystem
modelandtheexperimentalresultsindicateourproposedplatform
requires less than 200 mWto hover in a self sustainable fashion.
Thisrepresents,tothebestofourknowledge,thefirstnano-size
UAVforlongtermhoveringwithlowpowerrequirements.
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1 INTRODUCTION

The popularity of nano unmanned aerial vehicles (nano-size UAV)
in the past few years has increased dramatically. These nano-size
UAVsareusedforaerialmapping,photography,surveillance,sport,
entertainment and many other uses. Despite significant research
effort in past years, nano-size UAVsare still limited, in most cases,
totensofminutesoffiight. Thishaslimitedtheirapplicability,since
longer missions require additional infrastructure to replenish them
at service stations [1-6]

A nano-sized UAV with long fiight times could have a
number of innovative applications in surveillance,
smart buildings, agricul- ture and many other fields.
Even if a nano-size UAV is able to fiy only a few days,
which is already significantly longer than existing
systems, itwouldalsobeabletocollect,processandtransmi
tinfor- mation from different sensors such as
environmental data, audio, video and still cover a
large area. Depending on the weather con- ditions[7-
11], it could also be used in outdoor scenarios for
surveillance, search and rescue, or mapping, to name a
fewapplications.
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ThereducedfiighttimesofexistingUAV’saremostlyduetothe
powerrequiredfortherotorstogenerateenoughthrust.Evenfor
thenano-sizeclassofUAV’s,whichtypicallyweigh50gorless,
around5Wofpowerareneededforthemechanicalsystemalone [12-
19]. This does not even account for computational requirements
of current research trends towards autonomous systems, which
requirepowerhungrysensorfusionandreal-timecontrolforon- line
path planning and collision detection/avoidance algorithms [20-
26]].Giventhecurrentbatterydensitiesof500J/gandtheirlimited
technologyscaling,nanoUAV’swithfiighttimesofdaysorweeks
willrequirenovelmethodologiesthatcombinebothhardwareand
software[27-31].

Energyharvestinghasbeensuccessfullydemonstratedinanum-
berofUAVplatformsasawaytoextendtheirfiighttimes[5,6].
Photovoltaicisacommonformofharvestingduetotheabundance
oflightandthehighpowerdensityofsolarcells[32-40].Harvesting
energyisonesideoftheequation,andtoreallymaximizethelife-
timeofaUAV, itspowerrequirementsmustbeminimizedaswell.
Formanyyears,powermanagementtechniqueslikeduty-cycling
havebeensuccessfullydeployedinbattery-basedcyber-physical
systems in order to reduce the average power consumption and
consequentlyextendthebatterylifetime. TraditionalnanoUAV’s[4
1-46], however,arefundamentallyincompatiblewithduty-
cycling.Ifa quadrotor tried to shut down its rotors, it will either
crash very quickly or incur a significant energy penalty to
counteract the acceleration due togravity.

Fortunately,anothertypeofUAVhascertainpropertieswhich
make it compatible with duty-cycling. A nano-sized blimp is a
perfect candidate for long fiight times because helium, alighter-
than-air gas, can provide lift and significantly reduce theenergy
requirementsforfiight. Eventhoughheliumprovideslift,aperfect
balancewithablimp’sweightisalmostimpossiblesinceeventhe
smallest difference between the system’s weight and its lift will
resultinanaccelerationthatwilleventuallydrivetheblimptothe
ground,totheroofortothestratosphere[8]. Designingablimpthat
isabletohover(i.e.thatisabletomaintainadesiredaltitudewithin ~ a
given tolerance range) for a prolonged period of time remains a
challenge to this day. Though hovering is a one dimensional
problem,itisafundamentalbuildingblockforthedevelopmentof
fullyautonomousUAVswithextendedfiighttimes.
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Inthiswork,wewillexplorehowtraditionalpowermanagement
techniques,usuallyappliedtodigitalsystems,canbeextendedto
high power actuators, such as rotors. We demonstrate that these
techniques can significantly reduce the energy requirement for
hovering.Wewillstudytwotypesofhovering,oneinwhichthrust
isgeneratedconstantly,andanotherwithduty-cycledrotors. The
formercanachievehoveringwitharelativelysmalldeviationfrom
thedesiredaltitude,atthepriceofhighpowerconsumption. The
latterreducestheaveragepowerconsumptionandleadstoalonger
fiighttime,butintroducesalargertolerancetothedesiredaltitude.
Ourproposedplatform,consistingofasinglerotorcontrolledby

a low-power MCU and a 0.4 m3 helium balloon, weighs a total of
52 g and is able to hover for tens to hundreds of hours, requiring
only commercial-off-the-shelf components and modest light condi-
tions. Our initial prototype has some limitations in its capability to
adapt to changing environmental conditions: there is no dynamic
control loop for variations in temperature, humidity and pressure.
Nevertheless, it lays the ground work for an energy autonomous
nano-blimp, capable of complex cognitive skills (e.g. autonomous
navigation, path planning, etc.) relying only on local sensing and
processing (i.e. inertial and visual), due to the relaxed real-time
constraints.
The main contributions of our work are:

- Asystemmodelcapableofpredictinganenergyharvesting
blimp’s lifetime given probabilistic harvesting conditions,
solar panel size, and batterycapacity.

- Anoptimizationformulationfordistributingablimp’spay-
load, thus determining the battery to solar panel weight
ratio which maximizes the blimpslifetime.

- A study of two types of hovering mechanisms:constant
and duty-cycling, exhibiting a trade-off betweenenergy
requirements and hoveringprecision.

-Athoroughevaluationandmodelcomparisonofour52g
blimpprototype. Thankstoitspowermanagement,itre-
quires only 198 mWof input power for self-sustainable
hovering as opposed to 576 mWneeded for continuous
operation of therotor.

The remainder of this paper is organized as follows: In the next
section, we discuss a general classification of UAV’s with different
sizes and aerodynamics, as well as existing solutions that integrate
energy harvesting. In Sec. 3, we discuss the preliminary overview
of hovering, and duty-cycling and self-sustainability is presented.
In Sec. 4, we present our system model with probabilistic energy
harvesting, and lifetime estimation. In Sec. 5, we discuss in detalil
the implementation of our nano-blimp prototype. In Sec. 6, we
characterize our prototype and evaluate hovering with and without
power management. Finally, we conclude our work in Sec. 7.

2 RELATEDWORK

Unmanned Aerial Vehicles (UAVs) with solar energy harvesting,
havebeenstudiedformanyyears. UAV’s,however,canbeclassified
accordingtodifferentcriteria.EachUAVclasshasitsownchallenges
and limitations, which are tied to the existing technologies in the
fields of mechanical propulsion, material science, and electrical
engineering.
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UAVClassiftcation

Rotorcrafts can be classified on the basis of their sizes and power
consumption, as reported in Tab. 1. For the sake of generality, the
size refers to the core frame of the vehicle and not the infiatable
parts, likeballoonsinthecaseofblimps.Anadditionalclassification
parameter is the vehicle’s sensitivity to environmental conditions
(e.g. wind, temperature, pressure, etc.), which depends on the ve-
hicle’s dimension and speed range. The blimp presented in this
paper is considered a nanoUAV due to its low power consumption
of ~200 mW, limited payload of 55 g, and small frame measuring
about 4 <4 cm.

Special Issue

VehicleClass @ _: Weight [cm:kg] Power [W ] On-boardDevice
std-size[9] ~50:2>1 >100 Desktop
micro-size[10] ~25:~0.5 ~50 Embedded
nano-size[3] ~10:~0.05 ~5 MCU

pico-size[11] ~2:~0.005 ~0.1 ULP

Table 1: Rotorcraft UAV’s classiftcation by vehicle class-size.

Aseconddimensionforclassificationisthetypeofunmanned
aerialvehicles:fixedwing,rotorcraft,andblimps. Themaintrade-
offs between the aforementioned types are their maneuverabil -
ity/controllability and their energy requirements. As depicted in
Fig.1-A atraditionalcriteriontoclassifyUAV’sisgivenbythe trade-
offbetweenmaneuverabilityandendurance[12]. Inthiswork
weusetheconceptofagility,asshowninFig.1-B,definedas:the
minimumspacerequiredbythevehicletoaccomplishagivenma-
neuver,attheminimumcontrolspeed.Undersuchdefinitionblimps are
more agile than fixed wing vehicles, since they can perform
sharpturnswithinalimitedspaceatreducedspeeds. Thisnotionof
agilityisparticularlyrelevantforindoorapplications,wherehuman
safetyisanimportantfactor.Incontrast,blimpsaremoresensitive to
environmental conditions than other UAV types, especially in
outdoorscenarios.
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Figure 1: Classiftcation of UAV’s based on their endurance
vs. maneuverability (A) and endurance vs. agility (B).

Rotorcraft These vehicles have one or more rotors and can
achieve stable hovering and precise fiight by adjusting rotor speed
andbalancingdifferentforces.Rotorcraftsarehighlymaneuverable,
can operate in a wide speed range and can take-off and land verti-
cally.Theyalsohaveveryhighenergyconsumptionsincetheyneed  to
generate propulsion continuously. The most common rotorcraft is
the quadrotor, that has four rotors and changes the rotation ratio
among them to generate lift[10].
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Fixed Wing These aircrafts, also called airplanes, use fixed
wings to generate enough lift for fiight. The shape of the wing
pushes air over the top of the wing to fiow more rapidly than un-
derneathit,causingadifferenceinpressureandgeneratinglift[13].
Though fixed-wing UAV’s have lower energy requirements and
longer fiight times compared to quadrotors, they cannot hover or
make tight turns, which can limit their deployment in certain appli-
cations. In recent years, a new hybrid category has received partic-
ularattention:convertiblesUAV’s[14]. Theycombinerotorcraftfor
take-offandlandingmaneuverswithfixedwingforenergy-e@cient
long-rangefiights.

BlimpsThesevehicles,alsocalledairships,haveclosetoneutral
buoyancy and can be steered and propelled through the air using
oneormorepropellers[15].ContrarytoothertypesofUAV’s,they  can
hover thanks to the lift generated by a lighter-than-air gas, and
thus require relatively little energy for movement at low speeds.
Due to their reduced energy requirements, level of agility and
sensitivity to the environment, nano-size blimps are very suitable
candidates for indoor applicationscenarios.

Energy HarvestingUAV’s

Despite the challenges associated with high powerconsumption
inquadrotors,researchershavebeenabletodesignsolar-powered
versions. Thesolarcopter, proposedin[16],usesa0.96m2monocrys-
talline solar panel, generating 136.8W in favorable lighting con-
ditions. A specially designed frame with a high stress resistance
to weight ratio was required for the 925 g quadrotor to fiy. Due to
its lack of energy storage, this design has fiight times limited to
periods of high energy availability. One alternative energy source
forUAV’swiththepotentialforultralonglifetimesarelaserpower
beams [17]. By using a special laser power supply, a ground sta-
tion can wirelessly direct power to a moving UAV. The authors
of[6]presentalkgquadcopterprototypethatwasabletofiyfor
12.45hourspoweredbylaserbeams. Thisclassofsystemsrequires line-
of-sight and additional expensive infrastructure which is not
feasible in many applicationsscenarios.

Fixed-wing UAVs have also been equipped with solar panels
to harvest energy during the day. In [18], for example, the Sky-
Sailor airplane was able to fiy27 hours during summertime with a
wingspan of 3.2 m using solar panels. Sunsailor [19] achieved a
three day fiight using a 4.2 m wingspan and weighing 3.6 kg. The
Heliosprototype[20]wasdevelopedbyNASAforhighaltitudeand
long endurance fiights. With a 75 m wingspan and a gross weight
of up to 930 kg, it was able to prove sustainable in the stratosphere
[5]. AtlantikSolar [13] is a 5.6m-wingspan, 6.8 kg of weight,solar-
poweredlow-altitudelong-endurance UAVcapableofacontinuous
fiightof81.5hours,coveringatotalof2316km. Theseworksdemon-
strate that standard (and large) size fixed wing airplanes are able to
harvest enough energy for long fiight times. Nonetheless, it is also
understood that these systems must have a scale large enough for
the required energy storage systems and propulsion. In addition,
these systems suffer from the same limitations of all airplanes: the
inability to hover and perform sharp turns due to the minimum
high speed required tooperate.

Solar-powered blimps offer the best-case scenario forUAV’s
requiringultra longfiight times, due to their reduced energy re-
quirements.In[21]thetrade-offsbetweensolarpanelweightand
powerproducedischosenforahighaltitudeblimpandvalidated

4557

using design parameters from [22, 23]. In [24], the effect of the
curvatureoftheballoonsurfaceandthecorrespondingchangesin
theenergyoutputisanalyzedforasolarpoweredlighter-than-air
UAVplatform. Allofthesestudiesfocusonlargescaleblimps,since
theyarerequiredtowithstandadverseweatherconditionsforpro-
longedperiodsoftime,particularlythosemeanttooperateinthe
stratosphere. Theseblimpsareupto400minlength,andconsume
100kW.Inthecaseof[24],theb|imphasavolume0f24m3and
requires only 100W ofpower.

Our work focuses on a nano-scale blimp that, with a weight of
less than 55 g and a balloon of 0.4 m3 can reach self-sustainability
with only 198 mWof input power. To the best of our knowledge,
this work presents the first nano-size UAV capable of continuous,
long term hovering. Thanks to its energy harvesting capability
and the low defiation rates of mylar balloons, the blimp platform
presented in this paper could conceivably hover for several weeks
in indoorenvironments.

3 PRELIMINARIES

Thoughthereisacurrenttrendtowardsautonomousandintelligent
aerial vehicles, most of them are either very large systems, or have
reduced fiight times in the order of minutes. To understand the
basic problem of why self-sustainable nano-UAV’s have generally
been infeasible, itis enough to look at the problem ofhovering.
ThoughitissimplerthanfreemovementinR3 sinceitonlyinvolves
translation in the vertical axis, it demonstrates the large energy
requirements for nano-UAV fiight.

Hovering

Oneofthemostbasictasksthatnon-airplaneUAV’sneedtoperform
ishovering,whichkeepstheaircraftatastablealtitude.Fig.2shows  a
basic comparison between a hovering quadcoptor and blimp. The
quadcoptor needs to continuously generate thrust from its four
rotors to be able to counteract gravity. This results in an enormous
power requirement. A blimp, on the contrary, leverages a lighter-
than-airgaslikeheliumtogenerateliftpassively. Thissignificantly
reduces the energy requirements since relatively little thrust is
necessary to counteractgravity.

Thoughintheoryablimpcanpassivelyhoverwithneutralbuoy-
ancy,thisisveryhardtoachieveinpractice.Forstarters,choosinga
passivehoveringaltitudewouldrequireperfectlycalibratedweights to
offset a balloon’s lift in a given environment. Furthermore, any
small change to the environmental conditions (e.g. temperature,
pressure, humidity, etc.) will affect the balloon and its steady-state
altitude. But even in a controlled environment, the balloon’s defia-
tion rate will quickly result in slightly negative buoyancy, which
will eventually drive the balloon to the ground. For a balloon to
hoverlongtermatadesiredaltitude,activecontrolisthusrequired. The
focus of this paper is to reduce the power requirements of
hoveringincontrolledenvironmentstomaximizetheballoon’slife-
time. Though a more realistic scenario includes environments with
dynamic conditions, this would require adaptive control methods
that simply adjust some parameters based on sensor readings (e.g.
pressuresensor).

Our proposed blimp platform will be slightly a heavier-than-air
system, such that it falls slowly and requires relatively littleenergy
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Figure2:Foraquadcoptertohover,activethrustisnecessary to
compensate the weight. A blimp requires signiftcantly less
thrust due to the lift generated byhelium.

toachieve,onaverage, neutralbuoyancy. Wewanttogoevenfur-
therbyborrowingpowermanagementconceptscommonlyfound
indigitalsystemsandimplementingtheminananoblimp.Duty-
cycling is a technique in which a system periodically transitions
fromapower-hungryonstatetoalowpoweroflistate. Depending on
the ratio between on and ofltimes, the average performance
andpowerconsumptionofthesystemwillvary. Themainfactors
thatdeterminethetotalenergysavingsarethepowerconsumption in
the oflstate and the transition costs between on and ofl, since
duty-cyclingincursthisoverheadineachcycle.

Fig. 3 shows two hovering methods for blimps in controlled
environments.Ontheleft,aconstantlypoweredlow-intensityrotor
can maintain a stable altitude. On the right, duty-cycling ahigh-
intensityrotorcanachieve,onaverage,thedesiredaltitude. ltmight
seem counter-intuitive that even though duty-cycling requires a
higherrotorintensityandhasanadditionaloverheadcomparedto
aconstantlypoweredrotor.However,ourresultswillshowthatthe
powersavingsfromduty-cyclingsubstantiallyextendtheblimp’s
lifetime.

EnergyHarvesting

As it has been previously discussed, blimps have relatively low
energyrequirementsforhovering. Thankstoourproposedpower
managementtechniques,theserequirementscanbereducedeven
further.Still,energyharvestingisnecessarytoallowforlong-term
autonomousoperation.

Energy harvesting encompasses a variety of methods to acquire
energy from the environment. Solar panels are most common, due
to their high power densities and general availability of light. The
power produced from a solar panel depends directly on the amount
of light and size of the panel. The first parameter is environmental
and cannot usually be controlled. The second parameter is an im-
portant design choice. Larger panels can naturally produce more
power for a given amount of light, but there is a strict limit since
every nano-UAV has a very tight payload. Due to the inherent vari-
ability of the energy input, there is a trade-off between the amount
of energy a solar panel can harvest and its size/weight.

INotethat,aplatformslightlylighter-than-air,coupledwithapropellergenerating
lowering would be feasible as well. However, with this design the defiation ofthe
balloonovertimewouldrequireasecondrotorgeneratinglift.

4558

Duty-CycledRotors

ConstantRotors

Height
|
|
|
|
i
>
b <
I
o
Height

tontort period

A

Pro!ors
Protors

- . @ @ o 5

Time Time
Figure3:Duty-Cyclingtherotors,whenpossible,bringssig-
niftcant energy savings at the expense of a larger A Y toler-

ance.

Inenergy-harvestingUAV’s,wherefiighttimesdependonthe
amountofharvestedenergy,oneofthemostrelevantparameters
isexcesstime[5]. Itmeasureshowlongthevehicleisabletofiy
withoutanyenergyinput,orsimplyitsminimumguaranteedfiight
time. This time is provided by batteries, and needs be chosen at
design time. The total payload will then depend on the battery
to solar panel weight ratio, which can be optimized for a given
environmentalsetting. Thepayloadoptimizationproblemwillbe
studied in greater detail in Sec.4.2.

4 SYSTEMMODEL

Inthissectionweintroducethemodelsandmethodsforthesys-
tem’sanalysis. Thefirstmodelisusedtounderstandtheblimp’s
power requirements and to estimate the lifetime as a function of
environmentalconditions. Thesecondmodelisusedtoexplorethe
weightdistributionprobleminordertoidentifythebesttrade-off,
between dimensions of the battery and the solar panel, for the
desiredlifetime.

SustainabilityModel

Inordertounderstandhowpowerisharvestedandconsumed,and to
estimate the lifetime of a given blimp, a sustainability model
has been created. More precisely, the model we built takes the
blimp’sconfigurationandenvironmentalconditionsasinput,and
produces the expected fiight time of the craft, where an infinite
fiight time means the system is self sustainable. By the blimp’s
configuration,wemeanagivensolarpanel,battery,andarotor. The
rotor’s configuration, intensity, power consumption, and the period
whendutycyclingisused,areincludedintheconfigurationaswell.
To imitate the inherently variable environmental conditions, we
describetheharvestedenergywitharandomvariable. Thisimplies
thatthefiighttimeismodeledasarandomvariableaswell.

Withthisinmind,wehavecreatedadiscretetimeMarkovmodel.
Generallyspeaking, Markovmodelsusestatestorepresentpossible
conditions the system could be in, while transitions between states
are non-deterministic and happen with a certain probability. This
means that, at a given time, the probability of the system being in
each of the possible states isknown.

In our model, the system’s state corresponds to energy in the
batteryavailableforuse. Theprobabilityoftransitioningfromone
state to another is derived from the consumed and harvested en-
ergythefollowingway. Wefirstsubtracttheenergyconsumedin
aperiod,andthenweaddtheenergyharvestedintheperiod. As
thebatteryisfiniteinsize,therearecornercaseswhenthebattery
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is empty and full, and these will be discussed below. The time step
of this discrete model is one duty-cycle period. There is a compu-
tational trade-off between the number of states and the accuracy
of the model. However, we found a satisfactory solution by having
the difference between two consecutive energy states an order of
magnitude smaller than the energies consumed or harvested in one
period.

Besides the many states representing different energy levels,
there is an additional error state. This state is entered when the
rotorfailstorunduetoinsu@cientenergy. Thisstateisabsorbing,
meaningthatonceentered,thesystemstaysintheerrorstate.

Becauseweassumethatenergyisfirstconsumedduringatransition
between two states, before being harvested, the whole analysis is
pessimisticw.r.t.theerrorstate.Byobservingtheprobabilityofthe
system being in the error state after running for an amount of time,
we can understand whether the blimp is operating at that time or
not.

Thestaterepresentingthebatteryfullychargedisalsonotable.
This is because the battery is finite, and if too much energy is
harvested,thebatterysaturatestothefullychargedstate.

BeforeformallydefiningtheMarkovmodel,wewillpresentan
illustrative example to familiarize the reader to the underlaying
concepts.

Example.TheexampleinFigure4helpstounderstandthesystem
model. Letthesystembeinstatenattimestepr,meaningitsenergy level
is n at that time. We will determine the state of the system at the
next time step 7 + 1, after one period ofoperation.

Duringtheperiod,weassumeenergyisfirstconsumedandthen
harvested. Assumethatthedifferencebetweentwoenergylevels

isoneenergyunit.Letthesyste consume2unigfof%nﬁr%/ er
period,andarvestsomeurtitsofenergyperperiodwiththefollow-

2 3
green esting). seethatthesyste ovestooneofthese

severalstatesaftertheperiod: 2" 1Myg+1 - Bycagtinuing
this analysis and having more transitions, the possible states the
systemisinafteranarbitrarynumberofperiodscanbeobtained.
Please note that we have not depicted the corner cases in theex-
ample:theerrorstate,whichisenteredwhenthereisnotenough
energy to supply the rotor; and the full battery state, after which
no more energy can be harvested.o
Formally, we define the state vector as (1), where b s the

T P - T

probability that the system is in state at tyme stgp , andi( E

1.ThereareNstatesrepresentingdifferentenergylevelsirthe
battery, and one error state.

. p2
Rafiavel Hh%ser°Qﬂgaﬁawﬁrkedpéfw'§enﬁﬁém?weﬂgﬁations

err (1)

b(f):(bmb:r) me(f)) N
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Wedefinethetransitionmatrix TasamatrixwhoseelementT;;
istheprobabilitythatthesystemtransitionsfromstateitostatej
inonetimestep.Asthetimestepofthemodelisoneperiod,and
weassumetheconsumptionofenergyhappensfirst,wecanwrite
thetransitionmatriXaST=TchsumeTh§fvest.HereTconsumerep-
resentsremovingenergyfromthebattery,theamountdepending
ontheenergyconsumedinaburst;while Tharvestrepresentsadding
energytothebattery,theamountlikewisedependingontheenergy
harvested in oneperiod.

Combining all of the above, we can write the state of thesystem
at time step 7 as (2). Note that (7 )in the superscript notes a state
vector corresponding to time 7, while 7 in the superscript denotes
theexponential.

b(r)=b(initial) X (Tconsume X Tharvest)r (2)
Finally,wecandefinethesystem’slifetimeas(3).Weseethatthe
system’s lifetime is 7 if, for some defined c,the
conditionismet.Ifthisconditionisnevermet,wesaythatthesystemis
self

sustainable.

lifetimeisr & b{<cAb™D>c ®)
With the overall structure of the model in place, we can go into

more detail regarding the period, battery, and the consumption and
harvesting of energy.

Period.Whentherotoroperateswithdutycycling,theperiodis  the
time between two consecutive bursts. Other behavior, the rotor
runningconstantlyandtheharvestingofenergy,isdoneconstantly. To
model these as periodic tasks, we take the period of the duty
cycle,andassumethatenergyinaddedorremovedonceperperiod.

BaEeryState. Thebatteryisnotaperfectpowersupply.Asthe
battery voltage level decreases below a certain point, the drone
isunabletodrawtheamountofpowerrequiredfortherotor.Ex-
perimentally, we observed that this level depends on the rotor
configuration. Theminimumvoltagelevelislowerforconstantly
powered rotors than it is for duty cycling. We model the battery
asaperfectpowersupply,butitscapacityisadjustedsuchthatit
refiectstheamountofusableenergyitcanprovidetotherotor.

BlimpPowerConsumption. Thedischargeratedependsonthe
way the rotor is configured to operate. When configured to con-
stantlypowertherotors,theenergyconsumptionperperiodwillbe
calledE const . Eq. (4) shows this energy to be simply the system’s

constant power consumption times the period.

Econst= Pconst' Period (4)

When duty-cycling, the energy consumption per period, called
Eduty , has several parameters. Eqg. (5) shows it depends on the
power consumption during the on and oflperiods (Pon and Pof
srespectively) and their duration (TonandTf frespectively).Note
thatTon*To=Period. Thereisoneadditionalterm, Estartup,
which represents the overhead to turn on the motor in everyperiod.
This was omitted in the constant configuration, since it is incurred
only once during the blimps entirelifetime.

Epc=Pon" Ton*Post Toff *Estartup (5)
AswasmentionedinSec.3.1,theintensityoftherotorinduty-
cyclemodeishigherthanincontinuousmode,thusPon>Pconst.
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Nonetheless, we have experimentally determined (see 6.1) that
Econst® Epc . The energy consumption in each period is as-
sumed to be constant. This means that each period, the battery
state will decrease for a constant amount. For battery states that do
not have su@cient energy for consumption, the system transitions
to the errorstate.

ProbabilisticEnergyHarvesting.Byprobabilisticenergyharvest-
ing,wemeanhavingtheprobabilityofaddinganamountofenergy to the
battery during each time period. Note that the probability
distribution of energy can vary depending on the environment, and
wecananalyzearbitraryprobabilitydistributions. Thisisespecially
useful for modeling harvesting based on measureddata.

Dimensioning an Energy HarvestingBlimp

Every aerial vehicle has a limited payload it can lift. To maximize
a blimp’s lifetime requires solving a weight distribution problem,
where the payload must be optimized to minimize the weight for
bothsolarpanelandbattery. Thus,awellconfiguredsystemshould  be
able to harvest and store enough energy for the desired lifetime,
savingasmuchweightaspossible.Fundamentalparameterstotake
intoaccountarethetargetlifetime(r)andtheilluminance(intensity,
variance and duration). Naturally, such parameters depend on the
application scenario we want to address, and can vary significantly
from one environment to another (e.g. indoor vs.outdoor).
Thetotalweightofthesystem(Wiot)isthenequaltothesum
ofeachpiece:thecoreframe(Wsame),thebattery(Wpat),andthe
solarpanel(Wpanel). Thistotalshouldbelessthanthemaximum
payload(Wmax). Theaveragepowerconsumptionofthevehicle
(Pioad ) is supplied from both battery and solar panel. The input
energyharvestedfromthesolarpanel (Ein)dependsonthepanel’s
area(thatisproportionaltoitsweightWpaner)andontheillumi-
nanceconditions(Light). Theenergysuppliedbythebattery(Epat)
dependsonitsweightWpat. Thuswewantmaximizethelifetime
r,andrespectthefollowingconditions:

T Pioad<Ein(Wpanel, Light) *Epatt(Whatt) ©)
Wiot € Wmax
Ourproposedsolution,tobediscussedindetailinSec.6.1,will
evaluate different weight distributions, and estimate theblimp’s
lifetimeforbothoptimisticandpessimisticlightingconditions.

5 SYSTEMIMPLEMENTATION

Theblimpprototypeconsistsofthreemaincomponents:theballoon, the
rotorcraft, and the solar panel. Each of these components were
carefully selected to optimize the fiight time of the craft and will
describedinthenextSec.5.1.Then,inSec.5.2,wewilldescribethe
software implementation of our powermanagement.

Rotor CraftSetup

Thesolarpanelismountedtothetopoftheballoonandtherotor-

craft is suspended from the balloon’s underside. This setup can be
seen in Fig. 5. The suspended rotorcraft requires a stiff harness to
avoid swinging during fiight and acting as a pendulum.
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Figure5: A: Theblimpprototypeduringflight.B: Theblimp
model with solar panel, MCU’s, battery, androtor.

The rotorcraft is built using a modified, open-source/open-
hardwarenanoquadcopter,theCrazyRie2.02. Thequadcopterorig-
inallyweighed26gincludingbatteryandfiiesforapproximately15
minutespercharge,instandardconditions.Thiscraftwaschosen
due to the form factor and the open source design allowing fiexible
software and hardware modifications.

ThemainhardwareofthedroneisbuiltaroundtwoMCU’s,a
collectionofsensors,andfourmotorsprovidingthelift. Theframe
ofthecraftisthecircuitboarditselfandthemotorsattachtothe  PCB
using plastic motor mounts. The radio communicationand
power management for the system is controlled using aNRF51
MCUS3. ThemotorsarecontrolledbyanSTSTM32F405MCU“by
pulse-width modulation (PWM) signals.

The craft was modified to provide lift to support the goal of
hovering. Fig. 5-A shows the final design of the prototype. Only
one motor is attached to the craft and is pointed downward to
provide upward lift to the balloon. The single rotor was mounted
in the center of mass, otherwise an oscillating movement would
havebeengenerated,compromisingthestabilityofthesystem.The
blade also had to be adjusted in order to have the desired thrust in
thedownwarddirection. Thiscanbeachievedcombiningtheclock-
wise (CW) rotor with counter clockwise (CCW) airfoil mounted
backwards,asdepictedinFig.5-B. Thesystemisextendedwiththe
tinyTIbg2920°powerchargertoconverttheenergyharvestedfrom
the solar panel. Finally, all the hardware components are attached
to the underside of the balloon using a lightweight frame.

The helium balloon used for the blimp is a commercially avail-
able,roundmylarballoonwitha91cmdiameter.Mylarballoonsare
sturdier than the common latex balloon and have a lower gas per-
meability. Thislowpermeabilityallowstheballoontostayinfiated
forlongerthanalatexballoon.Fig.6showsanempiricalestimation ~ of
our balloon’s defiation rate, starting with a fully infiated balloon
overaperiodof40days. Theballoonloosesonaverage0.35goflift  per
day, so even if a blimp has battery lifetimes of a few hundred
hours, the helium lift can be assumed to beconstant.

Experimentallyweknowthemaximumliftoftheballoonisabout 55
g. All of the wires, battery, motor, solar panel, and hardware

needs to fit under that weight budget. Our modifiedrotorcraft
weights 11 g and the additional connections accounts for 4 g,thus

2http://www.bitcraze.io/crazyfiie-2
3http://www.nordicsemi.com/Products/nRF51-Series-SoC
“http://www.st.com/en/microcontrollers/stm32f405-415

5 http://www.ti.com/lit/gpn/bg29200

Special Issue



International Journal of Pure and Applied Mathematics

30 b | * Measurement ]

— — LinearRegression

0 100 200 300 400 500 600 700 800 9001000
Hours

Figure6:Liftdecreaseover1000hoursduetoheliumleakage
from theballoon.

theavailablepayloadleftforbothbatteryandsolarpanelis40g.
InSec.6.1wewillevaluatethechangeinlifetimeunderdifferent light
conditions and battery/solar panelweights.

Power Management inSoftware

In the original firmware the NRF51 is designated as the main pro-
cessor. It controls the radio communication between the drone and
the base station, and it controls the power supply to the sensors
and the STM32 MCU. The developers system diagram [25] for the
original drone can be seen in Fig.7.

At the system start-up the NRF51 turns on the STM32MCU,
enablingitspower-domain. TheSTM32firmwareisbasedonareal
timeoperatingsystem. Theoperatingsystemhasanumberoftasks
that govern sensor reading, motor control, and communication
between the twoMCU’s.

Always ON power domain Power switched by NRF51

Thin film solar panel
pRhe1822 STM32F405

{ PWM motor driver ‘

I A e
3 asl
Power supplies BLE and NRF radio 196kBRAM, 1MB
and TIba2920 Flash Expansion port
Wkup/OW/GPIO l |

Charge/VBAT/VCC

Figure 7: Crazyflie2.0 electronics diagram.

During normal operation the NRF51 consumes about 20
mWof power without the radio communication, and the
STM32and
sensorsconsumeabout180mWofpower.Toenablepowercycling
toconservepowerduringfiight,ourfirmwareversionkeepsonly the
functionality strictly required for ourgoal.

Theproposedsimplified,low-powerfirmwareispresentedin
Fig. 8. We kept the basic structure of the original firmware and
we removed both the real-time operating system and the radio
communication. The NRF51 and STM32 still govern the power
distributionandthemotorspeed,respectively. Theduty-cyclingis
enabledintroducingintheNRF51firmwareastatemachinethat
setstheonandoflmodeoftheSTM32. Atimerinthesamefirmware is
set to the desired duty cycle frequency and a master boot fiag
issetinsidetheinterrupt,thatistriggeredbythetimer. Thisboot  fiag
controls the state machine. During the on phase it starts the
STM32andduringtheoflphaseitturnstheSTM32offanddrives
theNRF51tosleepmodetoconservepower.

Thesleepportionofthecodeiscriticaltoreducingtheconsumedpowe

rofthesystem. ThepowerconsumedduringtheoflstateisSuW and the
~ power consumed during the on state is 4W when
the rotor is set to full intensity.
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endSTM32
int<OFF>
STM32 int<ON>

Boot Start Motor)— Turn OFF
int<OFF>

Figure8:StatediagramoftheNRF51andSTM32MCU’s.The
‘int<X>’labelsindicateaninterruptforeventX.

NRF51

AsintroducedinSec.3,bothduty-cycleandcontinuousmode
operate with a static, predefined rotor intensity. The continuous
mode can be enabled simply disabling the timer interrupt in the
NRF51firmwareandbootthesystemdirectlytotheSTM32.

6 SYSTEMEVALUATION

Inthissectionweprovidealltheexperimentsforadetailedcompar- ison
of our prototype with the Markov model presented in Sec. 4.
Forthesakeofsimplicity,ourexperimentalresultswillbemeasured
using one ratio and constant harvesting conditions. These will then
be used to verify our model’spredictions.

InitialCharacterizations
To get a better understanding of the basic parameters of a hov-
ering blimp, and to be able to use them as input for our models,
wehaveperformedasetofinitialteststocharacterizeourblimp
implementation.

RotorlnitializationOverhead. Allelectricmotors,includingour
blimp’s brushless motor, have a power curve that peaks initially
and then settles. This incurs an activation overhead that was dis-
cussed in Sec. 4.1. Fig. 9 shows the power consumption of a single
rotor running at 100% intensity for 2 seconds. It peaks to 5.75 W
and 220 ms later, reaches a ~4.1W steady state. From our initial
experiment,wecharacterizedthisoverheadas~1.65Wfor~220ms
withatotalenergyof~0.18J.

6 H
“\.
e o £ 23
— /1 7 S
=
~
o
= 9 Overhead Area
a ® Inst. Power
= Avg. Power
0 . . . .
25.5 26 26.5 27 27.5 28

Time [s]

Figure9:Powerconsumptionofsinglerotorovertwosec-
onds @ 100%thrust.

RotorIntensityandDuty-CycleSelection.Ourbaselinehover-
ingtechniqueusesconstantthrusttocompensateforgravity,thus
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maintaining the blimp at a constant altitude in a controlledenvi-
ronment. AswasdiscussedinSec. 3,theblimprequiresrelatively
little rotor intensity to achieve this, thanks the lift provided by
thehelium.Fromourexperiments,itwasdeterminedthatonly9%
rotorintensitywasrequiredforhovering. Thisresultsinapower
consumption Pconst=0.576W.

To determine the optimal duty cycle we conducted fiight tests
and measured the blimp’s vertical displacement for different duty
cycles. We have set our maximum height deviation, called AY , to
be 25 cm. Based on the collected data in Fig. 10, we can see that
oneonperiod(i.e.Ton)of250mswillcausetheblimptorise50cm.  This
displacement takes longer than 250 msdue to the balloon’s inertia.
The oflperiod (i.e. Tof ) needs to be long enough to allow the
balloon to reach its maximum height and return to its initial
position. Thiswasexperimentallydeterminedtobe5s. Theselected
duty-cycleofTon=250msandT s =5s,hasanaveragepower
consumptionPpc=0.198W(includingtheinitializationoverhead)
andconsumesl.14J,asshownbytheorangelineinFig.10.Though  our
duty cycle Tonis within the motor’s current peak, our average
powerconsumptionisstillbesmallerP¢onst,thankstothe5s T .

150 - %3
. # Y Displacement P ~ =
£ 125 || _LinearRegression = 425 =
%‘ 100 H| © Duty-Cycle Energy o ~" s I Z
o ~LinearRegression e 5
E 75| == 15 =
) = -
Q
© 50 r - 11 =
=3 _ g ]
2 = =
a 25 &= 0.5 £
> 0 . . . . 0o &
0.1 0.2 0.3 0.4 0.5 0.6
tonls]
on

Figure 10: Measured vertical displacement (Y) and energy
per period in duty-cycledblimp.

OptimizedWeightDistribution. Inordertoanalyzetheweight
distribution,weevaluatedifferentbatteriesandsolar panelssizes
w.r.t. the available payload. As stated in Sec. 5, the payload of our
blimpisof55g,buttheactualweightbudgetwecanspendforsolar
panelandbatteryis40g,duetothe15gusedfortherotorcraftand
connections. The evaluated weight combinations are reported on
thex-axis,withagrowingstepof5g. Theblimp’slifetimeinduty-
cycling mode was calculated for each weight distribution under
two different environmental conditions: a constant insolation of 39
kLuxand 19.5kLux.

InFig.11-Awecanseehow,evenwithfavorablelightingcondi-
tions,theblimp’slifetimefirstdecreasesfromconfiguration0/40to
the20/20beforeincreasingfromconfiguration25/15t040/0. The
peak, with an infinite lifetime, is reached with the 40/0 configu-
rationthatrepresentsthescenariowhereweusealltheavailable
payloadforthesolarpanel. Although,thislastcasedoesnotrep-
resent a feasible option in a real scenario due to the absence of
anybattery. Thecounterpartisrepresentedbyhavingonlya40g
batterywithoutanysolarpanelandinthiscasethelifetimeis25
hours.InFig.11-B,wecanseehowthelimitedinsolationmakes
thesolarpanelunabletoextendtheblimp’slifetime.Infact,even
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using the overall payload only for the solar panel, we wouldobtain
a lifetime of 5hours.
Fromthepreviouspayloaddistributionresults,itwasdetermined
thatournanoblimp’spayloadshouldbedistributedinthefollowing
way:6gforthebattery,and31gforthesolarpanel. Thisdistribution
coincides with commercially available products and ensures that
the blimp can, under optimistic conditions, fiy for possibly over a
hundred hours. At the same time, the blimp will have a minimum
guaranteed fiight time of several hours in pessimisticconditions.

SustainabilityModel

The sustainability model, described in Section 4.1, was used to
evaluateourprototypeinordertoestimateitslifetime. Themodel’s
estimates presented here are used to complement the experimental
measurements.

Setup. The blimp’s configuration, meaning the battery and the
energyconsumption,werebasedontheprototype. Tworotor’scon-
figurations were used, as introduced in the above sections. These
arewhentherotorisrunningconstantly,andwhenitisdutycycled
witha0.25secondonand5secondofftime.Fortheenvironmental
conditions,twohypotheticalscenarioswereused:whenthehar-
vested energy is constant, and when the harvested energy follows
a probabilitydistribution.

TheBattery.ltis,forthescopeofthemodel,regardedasanideal
storageforenergy. Inrealitythebatteryisnotideal, andwehave
observed,inSec.6.1,thatonlyacertainamountofenergycanbe
drawnfromafullychargedbattery. Themeasurementsshowthat the
amount of energy that can be drawn depends on the rotor’s
configuration. Webelievethisdifferencetoarisefromthepower
peak necessary to turn on the rotors in the duty-cycling configura-
tion. This requires a higher battery voltage and thus reduced the
amount of available energy.

Wethushavetwoidealbatteriesinthemodel,theconstantcon-
figuration battery and the duty cycle configuration battery, and
we use one depending on the rotor’s configuration. The capaci-
tiesofthesetwobatterieswereempiricallyobtainedintheabove
mentioned measurements, and are 3156 Joules and 2767 Joules
respectively. We assume in the model that the battery is always
initiallycharged.

TheConsumedEnergy. Itdependsontherotor’smodeofoper-
ation as well. Experiments determining the rotor’s consumption
were done in Section 6.1. Our sustainability model is a discrete
time model where the time step is the duty cycling period, 5.25
seconds.Whentherotorsrunconstantly,theyconsume0.576W.
Thus,theenergyperperiodisEconst=3.024J. Likewise,forduty
cycling,wemeasuredthattherotorconsumesanaverageof4.16W.
ThisresultsinanenergyperperiodofEpc=1.04J.

HarvestedEnergy. Itdependsontheenvironmentalconditions,
andtwohypotheticalscenarioswereusedinthemodel. Thefirst
onewaswhentheamountofenergyharvestedwasthesameeach
timestep. Thisconstantscenarioisfairlysimple,andisanobvious
choiceforcomparisonwithotherresults. Thesecondenvironmental
scenariousedwaswhenharvestedenergyfollowsalogarithmic-
normal distribution with a standard deviation of o = 0.5. The
log-normaldistributionisthelogarithmofanormaldistribution.
Itwaschosenforthescenarioasafirstapproximationofvariable
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Figure 11: Weight distribution evaluation for constant input power. A - @ 39 kLuxand B - @ 19.5 kLux

environment conditions. An example of a log-normal distribution
used, with the mean value at 0.1 W and 0.5 standard deviation, is
shown in Figure 12a.

Results. Usingthesustainabilitymodel,weevaluatedthetwo
rotormodesofoperationintwohypotheticalenvironmentalsce-
narios.

Constant Energy Harvesting. The blimp’s estimated lifetime,
when the input energy was constant every time step, can be seen
in Fig. 13. The lifetime when the rotor runs constantly is marked
as ‘Const. Model’, and ‘D.C. Model’ is used to label duty cycling.
Note that the figure uses input power as the x-axis, so use that the
period is 5.25 seconds to convert the power values toenergy.

Itshouldbenotedthatthereisaverticalasymptoteatx =
0.198W,whichisthepointatwhichselfsustainabilityisreachedfor
D.C. hovering. Due to the increased power requirements of Const.
hovering,thisconfiguration’sasymptoteislocatedatx=0.576W.

Probabilistic Energy Harvesting. To next scenario used wasone
that approximates volatile lighting conditions, where the energy
harvested follows a probabilistic distribution.

Beforegoingintotheresults, wefirstneedtocommentonthe
definitionofthelifetime,presentedin(3). AsstatedinSection4.1, the
sustainability model provides us with the probability of the
systembeinginacertainstateaftersometime. Therefore,weneed
todefineathresholdc, suchthatthesystemisdefinednottowork
iftheprobabilityofthesystembeingintheerrorstateislargerthan
c.As(3)shows,thelifetimeisafunctionofthec,soweestimated
thelifetimeusingc=10"4. Alifetimewithc=10"4meansthat
999blimpsoutofal000areestimatedtobeworkingafterthistime.

We shall call this ¢ choice the pessimistic case.

Thepessimisticcase’slifetimeestimationisinfiuencedbyperiods
thatharvestlowamountsofenergy,eventhoughthesecaseshappen
lessoften.InFigure12b,therelativedifferencebetweentheaverage and
pessimistic lifetimes is shown. Recall that the absolute values for
these lifetimes can be seen in Fig. 13. What can be seen is that the
pessimistic lifetime is estimated to be around 5% shorter than the
lifetime when energy is added constantly, and this difference
increases as the lifetimerises.

ExperimentalMeasurements

Using the prototype’s specification explained in Section 6.1, we
evaluated our proposed power management techniques for nano
blimps. To this end, we use two configurations, one with constant
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propulsion hovering (referred to as ‘Const.”) and another with duty
cycling(referredtoas‘D.C.”).Foreachconfiguration,wedetermined
how different input power levels affect the blimp’slifetime.

Setup.Experimentswithdifferentinputpowersweresetupfor
both configurations. The battery was initially charged for each
experiment,andtheblimp’slifetimewasrecorded. Thelifetimeis
definedasthepointatwhichtherotorsstopproducingenoughlift  to
keep the blimp within the desired25tm altitude window.

It should be noted that although the rotors continued to generate
some lift after that, the battery was unable to supply the necessary
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Figure 12: Normalized lifetime results using the sustainabil-
ity model and a scenario with variable input power
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Figure 13: Measured lifetimes as a function of constant input power.

power to maintain the blimp within the desired tolerance. This
behaviorwasnotconsideredcorrectanddidnotcontributetothe
lifetime.

Results. Fig. 13 shows the results of the experiments for both
configurations. The logarithmic y axis shows the system lifetime,
whilethexaxisisthe(constant)inputpowerthesystemwasconfig- ured
to have. The two lines in the plot represent the sustainability
model results, described in Sec. 6.2. The marked points from each
line indicate measurements made using the nano blimp prototype.
The extended lifetimes of D.C. hovering clearly demonstrate the
impact of the proposed power management. As well as this, we
can see that measurements follow the model’s predictions. As was
mentionedinSec3.2,theexcesstimeisthesystem’slifetimewithout any
input power (x = OmW). For the D.C. hovering configuration, the
excess time is 3.78 hours, which is around 135 % longer than the
Const. hoveringconfiguration.

7 CONCLUSIONS

AsnanoUAV’shavebecomemoreubiquitousinrecentyears,many
applicationdomainswouldgreatlybenefitfromextendedfiight

safe thanks to its helium balloon and uses duty-cycling to reduce
its average power consumption for hovering. Using a sustainability
modelbasedonMarkovchainanalysis,wehaveanalyzedthediffer- ent
input power conditions necessary to achieve self-sustainability
withenergyharvesting. Thenanoblimp’spayloadof55ghasbeen
optimized to include both a battery and a solar panel, which en-
ablesittoextenditslifetimeto100’sofhoursundernormallighting
conditions. Extensive experimental results have demonstrated the
validity of our model and power management. These steps form a
solid groundwork for future autonomous nanoUAV’s which are
safe and have extended fiighttimes.
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