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Abstract

Hierarchical Flight Control System Synthesis
for Rotorcraft-based Unmanned Aerial Vehicles

by
Hyunchul Shim

Doctor of Philosopy in Mechanical Engieging
University of California, Berkeley

Professor S. Shankar Sastry, Chair

The Berkeley Unmanned Aerial Veh&(UAV) research aimsotdesign, implement, rad analyz
a group of awinanous intdligent UAVs and UGVs (Unmanned GnadiVehicles). Tk goal of this
dissertatn is to provice a comprehensesprocedural métoddogy to design, implement, ral test
rotorcraft-based unmanned aerial vehicletJAR's). We chocse the rotorcraft as th ba® platform
for our aerial agents becauit offers ideal maneuverdlly for our target scenasosich as th
pursuit-evagin came. Aided by may enablng techndogies such as lightweight red powerful
computers, high-accuracnavigaton sensors ad communicaton cevices, it is ne possibé to
construct RIAVs capal# of preci® navigaton and inteli gent behavior by #hdecentralizé orboard
control system. Buildig a fully functionng RUAV requires a €@ understandig d aeronautics,
control theory ad computer sciermas wdl as a tremadaus effort for implementation. Theswo
aspects aroften inseparabland therefoe egually highlighted throghaut this research.

The problan of multiple vehicle coordinaton is approached thrgi the notion d a hierarchical
system. Th idea behind the proposed architectaiis to build a hierarchical multiple-layer syst¢hat
gradualy decomposes thabstract missin djectives into tk physical quantities of contranput.
Each RJAV incorporated into thsi s/stan performs tle given tasks and reportsethesults throgh the
hierarchical conmunicaton channel back to trhigher-level coordinator.

In aur research, w provide a theoretical ad practical approach to build a number d&R/s
baseél on commercially availabé navigaton sensors, computer systemsphdaradio-controlled
helicopters. For #acontroller design, #adynamic model of th helicopter is first built. Ta helicopter
exhibits a very complicated multi-input multi-outpuipriinear, time-varying and couplal dyramics,
which is exposed to sewerexogenous disturbances. This poses considerdifficulties for the
identification, control ad general operationA high-fidelity helicopter modeis established with &

lumped-parameter approach. Witke tift and torque aelodyramic model of th main and tail rotors, a
iv



norlinear simulatbn modé is first constructed. Téhcontrol models of th RUAVs used n aur

research arderived by tle applicaton d a time-domain parametric identificatimethodto the flight

data of target HAVs. Two dstinct control theories, namely classical control theanyg modern
linear robust control theory, arapplied to tle identified model. Th proposed controllers ar
validated in anorlinear simulatn environment adtested in a series of test flights.

With the successfuimplementatn o the low-level vehick controller, tke guidane layer is
designed. Té waypoint navigator, whit decides tk adequat flight mode and the associated
referene trajectory, serves as an intermediary lestwthe low-level vehick contrd layer and the
high-level mission-plannig layer. In ader to interprethe abstract missin plannng to canmands
that ae compatibé with the low-level structure, aowvel framework called/ehicle Control Language
(VCL) is developed. Té key idea of VCL is to proviela mission-independent rheiddogy to
descrile given flight patterns. TénVVCL processor iad \ehicle contrd layer ae integrated into th
hierarchical control structure, which isetbackbor of our intdligent UAV system. Th proposed

idea is validated in thsimulaton environment ad then fully tested in a series of flight tests.

S. Shankar Sastry
Chair
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Chapter 1

Introduction

The Berkeley UAV (Unmanned Aerial Vehicle) research aims to synthesize, implemat, a
analyz2 a hybrid systm consisthg d multiple agents. Thes agents activgl operate, interact,
cooperate, tad achiewe the given abstractasks usig the provided autnamy and intdligen@ in
poorly known o completely mknowvn environment. This goal encompasses deséiedds of sciene
and techndogy such as control theory, hybrid systeheory, artificid intdligence, probalbstic
reasoning, lad vision-based serviog to nane a few. Althowgh the project was originally initiated for
the creatbn d single UAV, it has diversified into mey subgroups. Sirecthe beginnng o our project
in 1996, remarkaklresearch efforts haween maak in many fields auch as hybrid syste theory and
analysis [1], multip@ agent coordinatn [2,3], mg bulding, cdlision avoidance, ad \ehiclke
stahili zation and control [4,5,6].

Among thee many topics, tle researb on UAV flight systen desgn remains tk original and
fundamental ombecaus it is the cornerstoa techndogy that provides thtestbed upn which aher
abstract-level research cae implemented ad evaluated. Ta UAV systen desgn problan alore
encompasses mg challenghg research topk auch & g/stem identification, Bealback control
system, navigatn sensor degh and implementation, hybrid systems, signal processing, realtim
control softwae design, ad component-level mechanical-electronic integration. eddd UAV
development is a showaasf diver fields of sciene and techndogy.

The Berkeley UAV team strives to construct adit of UAV systems that arendoved with
intelligence ad aubnamy to independently accomplish ethgiven abstract aomands whig
interacthg with aher agents in #hneighbohood The UAV is built by putthg together state-of-the-
art navigaton sensors ad Hgh-performane onboard computer systems with read#tirsoftwae

control and backgroumd timization processespn a canmercially availabé radio-controlled small-

1



size helicopter. Tle sensing capalility of the vehicle is extended by additional sensor systerrch as
vision processor, lasaance finder and so forth. Téavehicle communicates wih aher agents rad the
ground posts throgh the broadbad wireless cenmunicaton cdevice, which il be capabé of
dynamic network IP forwarding. Ewehicle will be truly aubnamous when it is capabbf self-start
and automatic recovery with a siagtlick of a butbn onthe screen o the vehicle-monitomg
computer. Th individual UAVs ae integrated with th overdl systen through the hierarchical
systen structue so tha they can perfan the given task in a cooperaévmanner.A high-level
missbn command is decomposed into a set of low-level vehistahli zation and control canmands
associated with thproper flight moé and referene trajectory. In tie following, we briefly overview

therelevant tehndogies of tle UAV systen and the hierarchical architecture.

1.1 Overvien of UAV Research

A UAV indicates an airframthat is capale of performhg gven missions aghanously
through the use of onboard sensorand manipulaton systems. Ay type of aircraft may semwvas the
ba® airframe for a UAV application. Traditionally, thfixed-wing aircraft hae been favored as #h
platform becaus of many goodreasons: they arsimple in structure, efficient, rad easy to build ad
maintain. Tle autopilot degin is easier for fixed-wig aircrafts than for rotary-wg aircrafts becaws
the fixed-wing aircrafts hae relatively simple, ssaimetric, aad cecouplel dyramics. Sora fixed-
wing UAVs (FUAVSs), Piora UAV from Israel for example, hawery successful records in actual
field gperations. However, rotorcraft-basedVs haw been desirabé for certain applications wher
the unique flight capalility of the rotorcraft is required. Tdrotorcraft can taé off and land within
limited space. They can alfiower, and cruise at very lav spead. Researttt o Rotorcraft-based)AVs
has finally becoman actie area dumg the last decad althowgh ore of the first RUAV's, Gyodyre
QH-50, mae its debut in 1958. Grof the driving forces of tie overdie proliferation & RUAVs may
be attributed to th maturng techndogies that becaeavailabé during the last 10 years, such as
rotorcraft dynamics, control sysia theory and application, high-accuracy sthanavigaton systems
and GPS.

While building a fixed-wing aircrat that meds the given requiremeist sich as payload is
relatively easy, buildig a custom-desigie helicopter requires tremedaus knowledge, time, ad
effort. The market for tle helicopter platfom for RUAV development is very sritaand specialized.
Most of the abow reasons contribetto the general understandj that RJIAVS ae more &pensie

and more difficult to ogperae than RJAVs. However, only RAVs can perfan sone applications
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such as low-sgad tracking maneuvers in law-enforcement, oacaissance, ra @erations wher no
runway is availald for take-off and landing. Thanks to thvertical take-off ad landing (VTOL)
capalility, rotorcrafts can takoff and land ona very limited spaesuch as a ship deck. Hover, low-
spedl flight and sideslip capalbties male the helicopter a perfect vehefor trackng a searchig
out grownd targets. This versadilflight capalility is achieved tathe expen® of having complicated
and inherently unstalel dynamics, lower fuel-efficiency, ral slower cruig speed. Furthermore, #
helicopter powertrain ral control mechanisms atheavier ad more complicated. In swmmary, tre

characteristics of BAVs aelisted:

Advantages

« Smdl spaeis required for launchral retrieval

Versatik flight modes: vertical take-off, landingpwer, pirouette, sideslip, low-sgl cruise

Disadvantages
» Morecomplicated mechanical structure
» Inefficient flight dynamics lower maximun speel, shorter missinrange
* Moreaccura¢ and complicatel navigaton sensor requirement

* Inherently unstaleland relatively poory known dyramics-difficult control systen design

Figure1.1 First Nay RUAV: Gyrodyre QH-50 “DASH”

As pointel cut above, th main challenges of 6hRUAV application cora from the restrictive
performane and the inherently unstaleldynamics. Thee are sone dforts to resole the limitation o
3



the cruise speed and misson radius caused by ¢hnefficiency of the rotor in cruig mode. Oe of the
candidates is thtilt-rotor aircraft, whit has two propeller enginmodules mounted at eachded
the wing and it tilts the propellers fron the vertical to tte horizontal directoin to dotain verticd lift to
horizontal thrust whé the stubby wig takes tle responsibity to genera¢ the lift (Figure 1.2). With
this uniqe lift/thrust generattn mechanism, thtilt-rotor aircraft satisfies #sane requirements of
FUAV in terms of maximm cruise speed and misson radius whié it takes off ad lands vertically.
Ore of the major disadvantages ofethilt-rotor aircraft is tke prohibitively high cost becauesof the
complicated propulsn and actuaton systen as wdl as tle exceptionaly high requirement of

structural strength.

Figure 1.2 Tilt-rotorUAV: The Bell Eagk Eye

Another drawbdc of RUAVs is thke complex vehia@ dynamics, whibh neels a moe
sophisticated control algorith than that for a fixed-wig aircrafts. Tk helicopter dynamics ae
inherently unstalel and it requires velocity éedback as wle as attitueé feedback to staibze and
control. Velocity albadk neals tre accuraé velocity estimates, which carebbtained by ta use of
an inertial navigatin system. Th inertial navigatbn systen in turn requires external ado tha the
velocity and position estimatesdo nd diverge with the uncompensated biasié dift of the inertial
instruments, i.e., accelerometersdaate gyroscopes. Anotherany is that, even thagh UAVs ae
typically smaller than #n full-size mannel vehicles, they usually reqeirmore accuraé sensors
becaus the demanded sensor accuracy is higher whervehicke is snaller. For example, &Boeing
747 woull nd require one-meter accuracy tguide it across th Pacific Ocean. On ¢hcontrary, a

1.5m long RUAV would nd be able to accuratel hower with a 1m-accuracy sensor abdtie given
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waypoint. This observath alore asserts th complicaton d the onboad ravigaton and control
systen required for helicopter control.

Fortunately, however, mg o the obstacles to construng an autopilot systa for RUAV's ae
eliminated thanks to enab{j techndogies. In tke senso realm, inertid instruments fabricated by
micromachinng techndogy can ke mad smdl enowh to fit on a nondithic cip die. The
NAVSTAR GPS systa has leen another major thrust becais provides tle position estimates with
bounded error atrgy time on any location onthe arth when agood vew of the sky is available. In
the year 2000, the Selecé\Availability (S/A), the intentionally injectd ndse for the degradatin d
position accuracy for thasnot authorized by thUS Department of Defense, was finally eliminated
and the accuracy without @y dfferential GPS correatn improved by roughly 10 times, malkj it
possibéto achiee 10-meter or better accuracy in SPS mode.

Another drivihg force is the eser-increasig computing power of microprocessors, wheospeed
of innowation is Smply amazing. For example, glilight computer used toeboverloaded just for
low-level control tasks becami®f the limited CRJ processig power just a couplof years ago.
Nowadays, with th fastest spal reachng a 1GH dock speal, the onboard control syste can
execue complicatel gquidane and control algorithms runnig in realtime. h aur experience, for
example, te onboard computer ugj a Pentim 233MHz runs th discrete-tine implementatbn d a
robust controller of S0order in realtime.

Another supportig techndogy cane from advanced wireless norunicaton cevices. Thes
devices ag vital for remoe operaton without cumbersom umhilical cords. Th wireless LAN
provides IEEE 802.11 compa#hCSMA/CD protocolon wireless media. This allowsep-to-pea
communicatbnthat is perfect for multi-agent scenarios.

The advances in modeling, identificati and control of the helicopter ag also a major
contributng factor to tke proliferation d RUAV's. With an accuratunderstandig d dynamics, tle
controller degin and testhg has becom very straightforward d safe. Tle availablity of fast,
efficient, and accurag¢ simulaton environmend suich & MATLAB have also helped to spad up the
development of RAVs.

Overall, the helicopter is considered a promigiVTOL UAV platform because the desired
maneuveraibity can le achieved with an acceptaldevel of difficulties in terms of controller degi
and eration. h aur research, th helicopter platfom is particularly useful becaast offers tre
maneuveralbty desirabé for our target scenamosich as tk pursuit-evasin game. In the Berkeley
spirit, abng the sane lines as tk invention d Cyclotron insteal o a linear accelerator éuo the
limited spae on the campus, oamotivation to adop the helicopter as thba airframe is tha they

do nd requir large open spaces with runways to ¢éaf and land. In addition, ta RUAV serves as
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an excellen testbed for advanced identification, contrahdahybrid systen theories, which Wl be

reviewed in tle following sections.

1.2 Hierarchical Vehicle Managenent Structure

As mentioned above, avare aiming to construct a group of BAVs that ae capabé of
performng hgh-level tasks in an interacévmanner. To achievthis level of authany, a moe
sophisticated approach than simpéalback contrbis necessary. In this researche adog the
hierarchical vehid management system. Bhi/stam has leen provan very effectiwe for other hybrid
systems problemsich as tk automatd highway systm [8] and the air traffic management syste
(ATMS) [9](Figure 1.3). The adopted structerallows goodinsight inb hov a UAV systén should
be constructed as a number of hierarchiegers interactig with eat aher n arder to achieg the
given high-level tasks. When evdeal with a hierarchical structuregwan approach it with either a
top-down approdt a with a bottom-up approach. Waithe former advantageously allows a raor
systematic ad aderly approach, it lacks in perceig physical requirementsnd limitations. This
approat dten ends up with a total detachmentnfroeality by introduang too many simplifying
assumptions. Tirony d idealizaton is that it yields often mathematically-beautiful-but-jdstit-
work-in-reality situations. Thessituations a@ ezen moe likely to corre up when ve deal wih very
complicated real systems déikUAVs. Therefore, th bottom-up approach is chosen beeati®e
problan of UAV systen constructon is gill under vigoros gudy and ren@ is not a well-established
area. UAV systen constructdn requires trial-and-error ral fealback fran the bas vehicke
constructbn problem. Ineal, thee hawe been many instances when evhad b go back to tle

conceptual degh stage to tackk physical problems.

1.3 Relevant Research

There are a number of important fields of scienand techndogy, which ae directly related
with this research: (1) general helicoptiynamics, (2) RIAV development, (3) systeidentification
and (4) control.

Helicopter dynamics hae been studied for may decads snce its debut in te 1940s. Tk
helicopterdynamics in theoreticalral experimental field awel established10,11 and it is usually

directly applicabd to RUAV study becaus RUAVs hae a very similar configuradin to full size



helicopters. To &specific, may results such as rotor thrustcitorque ejuations candapplied with
minimal modificaton for our application. Té flapping dyramics, which plays thcrucial rok for
helicopter staltity and control, shas ore critical differen@ due to the use of the Bell-Hiller

stabilizer,which is widely used in small-ghelicopters.

Communication Channel
(to other agents and ground station)

Command Status

Strategy Planner

Wavpoints Conflict
yp notification

Tactical Planner

Flight Replan
Mode

Trajectory Planner |-

Reference Tracking
Trajectory Error
Regulation -
Control
Input

Vehicle Dynamics |———®»| Navigation Sensor

Figure 1.3 Hierarchical flight control system

Sorre of the arliest modern resedron relicopter contrbis the applicaton d LQR theol on
helicopter control [12] md hower control with sling-load [1]3from the 1960s. After thesworks, thee
has en much research in ¢harea of helicopter control which uses various approachese Thes
approaches carelzategorized into (1) classical control [14], (2) linear quadratic regulftb], (3)

Eigenstructue assignment [16], (4) robust control theory suchHys[17,18,19] oru-synthesis [20],



and (5) rotor dynamics inclusin [21,22,23] . Thesresults allav insightson hav the control syste
should ke synthesized for small-gihelicopterdynamics.

Sinee the 1980s, a fa&r research resultsn small-siz helicopter control havbegun to appear in
publications [24]. Dung this time, whié vast numbers of control theories wesvailable, tie
experiments wer severely limited by th lack of accuraé navigatbn sensors. As an alternagiv
approach, theoften used a linkagysysten which is attached to #éhelicopter lody to allow a freebut
limited rang of motion while providing position and attitude measurements fno the potentiometers
installed at each joint [24,25,26,27,28,29]. Usuallg dynamics ae additionally constrainecthave
freedom in attituck only. This makes #hproblem easier becasthe helicopterdynamics in attitud
becomes marginally stabbnly when tle translational motin is constrained [10].nl ahe research,
ground-based cameras weammployed to estimatthe position d the helicopter in theedimensional
spae by taking continuous images of ¢hvisual markerson the helicopter lody. In either case, th
accurag of motion estimates iad the degieeof-freadom of the test vehiok were significantly limited.

After 1990, flyng RUAVs in ful six degees-of-freedlom and without any constraints or
umhbilical cords finally becampossibé due to the advent of small-size, high-accuracy INSd&GPS.
With this break-throgh techndogy, a number of research efforts in similar topics diAY
development werpublished [6,30,31,32]. Another dnig force behind RUAV development was ¢h
International Aerial Robotics Competition. This competithas encouraged mgresearh goups to
build aubnamous unmanned aerial vehicles designed to partbe given tasks, which requaiow-
speal or howvering for ground scannng and target reogrition.

In this area, Draper Laboratory at MIT, TeaHummingbird o Stanford University, th
Robotics Institut at Carnegie-Metin University, as wit as Georgia Institet of Techndogy, the
originator of tke competition, hag participated in th competitions ad demonstrated their
techndogies of aubnamous helicopter systems. Overseas, Universft Berlin has keen ddng
outstandiag work for the 1999 and 2000 competitions. It is worthwhilto reviev how thes groups
approached #hUAV desgn problam and understad key tetindogies they uti zed.

The Hummingbird fram Stanford ven the competiton in 1995 markig the milestore by
demonstratig the first fully autonanous flight and fulfilli ng the rule, which required pickig up disks
on ore side of a tennis courtrad dopping them on the other side. Tavehicle platform was a hobby-
purpo® radio-controllel helicopter, Excel 60, which was heavily modified to carry a total weight of
46 pounds. Tl unigue featuie of this helicopter is thsole use of GPS as thnavigaton sensor. They
wanted © demonstrat that GPS could replacthe INS, which is onwentionally favored as h

primary navigaton sensor. Their GPS systeconsisthg d a canmon csdll ator and four separat



carrier-phase receivers with four antenaanounted at strategic points ofethelicopter lody provides
the position, velocity, attitudand angular informatn for vehicke control.

The team from Draper Laboratory an the competiton in 1996 ty fulfilling the new rule,
which required th aubnanous vehia to navigae the given field boking for barrels identifiald by
the labels attached to their tomdside and then repar the position and type of each barrel to th
ground base. Draper used a 60-class helicopter as thedrpistform. For tie navigaton system, they
took the canorical approabh o INS/GPS combination. Their navigati systen consistd o a
Systron-bnrer MotionPak™ IMU, a NovAtel GPS, a digital compassl an ultrasonic altimeter.
The flight computer was a standard PC104 system, which is PC-compatibée.in€hial
measurements weisampled ad processed by thonboard computerunning rumerica integration,
the Kalman filtering algorithm, ad simple PID control as tb low-level vehice control. The control
gain was determined bining-on-the-flywhile the safey of the vehicke is a& the hand d a very
capabé human pilot. Tk morak of the Draper approach i®tdemonstrag the possitility of building
RUAVs ushg COTS components.

The winner in tle year of 1997 was a group frothe Robotics Institug at Carnegie-Metin
University. They butl their RUAV on a Yamaha R-50, a helicopter developed for agricultural us
such as crop-dusiy becaus in Japan becaaof their tight regulation®n the operaton d full-size
aircraft. Unlike the previous helicopters, their platfarhas a more-than-sufficient paytbaf 20 kg.
The unigue featue of their helicopter is # vision-only basé ravigaton capalility. The onboard
DSP-basé vision processor provides navigariinformation such as position, velocitynd attituce at
an acceptabldelay onthe order of 10ms. Their vien systen is also capalelof performng the target
identification required by th sane rule as in 1996. Theiresearch is #nshowcas of an advanced

vision systen applied to tle aerial vehiat control problem.

1.4 Project History

The Berkeley UAV researh goup has expandedsitcope of interests frm the desgn d a
single UAV flight control systen to a group of interaaig agents. Thasagents includ UAV's, UGVs
and a ship-motbn simulatng landing deck. This project first started wheur colleage Tak-kuen
John Koo proposed thidea of buildhg an aubnamous helicopter systeto Professor Shankar Sastry
in the EECS department of UC Berkeley in 1996 ddiggested #hauthor to join this project becaris
of my previous experiercwith the desgn and implementatbn d a hower control for a model

helicopter usig LQG/LTR durihg my Master’s prognan at Seoul National University in 1991 [26]. In
9



the middle of 1996, tle Berkeley UAV tean mack its humbe start by éhn Koo, Ma Yi, Frank
Hoffman and the author. Our firstUAV platfom was tle Concept 60 SRI from Kyosho Industry,
Japan. Th 60-<class model helicopters erthe largest comercially availabé radio-controlled
helicopters for hobby @sand it offers tte largest payload withoutng modification onthe powertrain
and rotor blades. Arong many helicopters in te 60-class, th Concept 60 frm Kyosho Industry was
chosen becaeof the author's previous experieaavith this model. Tk primaly questbn during this
early perod d our research was wherthis 60-class hobpb helicopter could b used for RIAV
platform. The most pressig concern was tapayload thathis vehiceé could handle. With tle nominal
output of 2.2 hp of ] OS SX-61WC engine, it was observed that it could lift off withk§ of
payload ad stayin the ground effect region. Without fully understamdj that the ground effect can
boog the thrust significantly even up to 200%, it was concluded tha 60-class helicopters could
hande 5 kg o payload a more. t turned out tha the acceptald payloal o the original 60-class
engire is less than 4kg, whicls isomewhat less than atdesir@ value of 5-6 kg. Tle first prototyme
was finished in lat 1997. Sine the symbol of UC Berkeley is a bear, this helicopter was named as
Ursa Minor 1,which means “smibbear” in Latin. This helicopter was slated the first testbée on
which navigaton and control systm could ke designed ad tested. Th flight computer sysim
consists of PC104 compatblCPU and peripheral boards. Ehnavigatbn systen consists of a
NovAtel RT-20 GPS board, a digital compassida custon INS systen consisthg d six
accelerometers positioned in strategic pointse itderlyng idea of ths gecial INS is thathe six
accelerometers can estimdtanslational accelerath and angula rates usig the geomety of the
sensor locations. Unfortunately, etipersn in charg of this type of INS left our project ad a
replacement for INS had teelsought. In early 1998, Systrorebrer MotionPak™ was adopted as
the primary inertial measurement unit. $h&ensor unit exploits thlatest piezoelectric teadogy
yielding a compact, light-weight, ral yet powerful INS solution. It consists of g@&accelerometers
and three rate gyros h athogoral configuratbn and measures thtranslational accelerationsc
angular ratesn x, y, and z axis. Theraw sensor output, arag vdtage from OV to 10V, is read by an
A/D conwersbn circuit in the flight computer ad then processed tdbtain the navigaton solution for
identification and control. The inertial navigatn integratbn equaton using quaternon was offered
by John Koo and then implemented in MS-DOSd subsequently in QNX. After inteasesting for
about a year, it is concluded ththe custan INS cock lacks a proper sensor bias estimatioutine
and cannd be used © dbtain a high-accurgcnavigaton solution. As an alternativsolution, &hn
Koo purchased an INS unit, DQI-NP froBoeing, in la¢ 1998. This INS consists of a piezoelectric
inertial sensor unitrad a DSP board to processetmertial measurements at yehigh rate. Tle

navigaton solution computed by taDSP chip is availaklon the RS-232 serial port or a custdigh
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speal synchronized serial port. Ehig/stam allowed the high accurag navigaton estimates iad it
boosted ¢ aur research progress. &lBoeng DQI-NP systen is fully integrated wibh aur existhg
helicopter platfom with substantial modificadh d the navigaton softwaiein early 1999.

The ecess payload probieseriousy delayed tle progress of research sathe beginnng d
the project. When fully equipped)rsa Minor 2,the successor obirsa Minor 1, could nd reach an
altitude outsick of the ground effect. Many attemps such as usig Hgh-lift main rotor blades or bh
nitrogen compond compositon fuel were made, mostlyri vain, © dotain moke lift from the sane 2-
cycle glow engire with 0.60 cubic inb dsplacement. Té clean answer would ébto us a
replacement enginwith higher power. Th lution, althogh nd impossible, nvaves redesigimg
the engine mount ad machinhg a nev gear. Thes modifications woul havwe ecealed the
capaliities and resources availabto us.

The breakthrogh was mae by the adopton d a 0.91 cubic inch engiroriginally designed for
hobby aircraft, with a minor modificath d the engine shaft. With this mae powerful engie
providing 2.8 hp,Ursa Minor 2could easily f out of the ground effect. In parallel to taquest for a
more powerful engine, a larger helicopter platfowas also sought. In éimiddle of 1998, a mae
powerful helicopter, Bergen Industrial Twin, joineck tBerkeley RJIAV fled. It is equipped with
twin four-strole gasolire engines welded together for neopower. Thanks to this design, eth
helicopter offers an availablpayloal o 10kg, which § sufficient for most RIAV applications.
However, a potential structural prollewas anticipated becagignost of tle helicopter parts
including the contrd linkage and the main rotor grips wer originally designed for a 60 class engin
and they wout na withstand the excessie loading by the oversized engine. Ehpayload problm
was finally solved by addg Yamala agricultural helicopters R-50na their successor RMAXot cur
Berkeley UAV fled. Two Yamaha R-50s arrived at Berkeley in 999 and two RMAXSs in
December 1999. tAthe epen® of the etremel high cost, tle Yamaha helicopters offer dti
reliakility and generous paylah o 20kg-30kg. Thg now sere as tke ultimate platform for diverse
UAV research such as vision-bdseavigation, dynamic wireless network systeand advanced
contrd law testbeds.

After the two major problems, tINS and the availabk payload problems, wersolved, tie
Berkeley BEAR project finally began toeeresults. In early 1999, a newer versid the Kyosho
helicopter, Concept 60 SR Il Graphite, was built aspiimary testbed for control systedesign.
Joining as tle third 60-class helicopter, it was nameduasa Minor 3 Boeing DQI-NP was mounted
at the tip of the nox using special gel-typ mounthng to minimize the transmissin d the sevee
engire and rotor vibration. A more powerful CPU, Cyrix MediaGX233, was used ire thight

computer. For GPS, NovAtel iMenRT-2 was adopted for its unsurpassed acgur2cm. In July
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1999, this configuradin testel onUrsa Minor 3and then ported to #tnYamaha R-50, named &bsa
MagnaAfter intensive work during the summer bre& of 1999, tle Ursa Magna 2was equipped with
a basic navigabh suite, a main flight computemd a vision-processag computer. In August 1999,
the first identificaton flight with actie YACS (will be discussed later) was flown. @&Hilight
experiment was performed smoothhydaigh cuality flight data was obtained.

The final breakthrogh for the control systen was mae during October 1999. This timéJrsa
Minor 3 was used again asetimain experimental platfar becausit is easy to managand repair in
the cas of a crash However, a mar adequat mounting could ke used withUrsa Magna thanks to
its dze and payload. Tl result ismore stabk INS/GPS operationA similar identificaton flight,
applying a frequency-seeping input, was perfornme during October 1999. Tdagatherd data was
processed usg the UAV model proposed by Mettler fno Carnegie-Methn UAV researchq]. The
greatest advantagf his modeis the eplicit compensatin for the Bell-Hill er stalili zer dyramics.
This model was ablto predid the stabli zer bar respomsaccurately ad the whole model was algto
produ@ estimates closely matat the flight data. Oe major differene in the identification process
from the Carnegie-Melbn team was tte numerical tool used for ¢identification process. Whé they
used tle optimizaton packag called CIPHER, which was not availaltb BerkeleyUAV team, | had
to ue «isting tools such as th MatLAB™ l|dentification Toolbox™ written by Ljung [34]. While
CIPHER identifies th modé in the frequency-domain, thnumerical tool offered by Identificaitn
Toolbox™ uses th prediction-error métod (PEM) [35]. This approach produced a reasonably
accura¢ model which is valid fohowver. Furthermore, a basic multi-loop controller coudddbsigned
using the classical root-locus mebd Fran late October to la¢ November of 1999, thbasic
howering controller which regulates pogiti in the x, y, and z axis as wi as tle heading, was
designed. Té controller showed superidnovering performane with +20an accuracy in th x-y
plane.

Once the bast ntroller design/implementation/tesgi was accomplished, ¢research effort
was seeaed to thke automatbn d the Yamaha R-50. Miay parts of tle work for R-50 could badapted
from Ursa Minor 3 wih very minor modifications becaeishey shae identical sensors, i.e., Bog
DQI-NP and NovAtel MillenRT-2 GPS, rd the servomotors accepthe same PWM signal.
Differences com from the etended sensor saitsuch as th ultrasonic height meter, ¢hvision
computer ad the ground contact switch sets. As most oktlwork had keen finished in tie summer of
1999, only a smhamount of modificationsral improvements wermace in March 2000. Oamajor
differen@ was tle adopton d the Lucent™ (late renamed to Orinoco™) WaveLAN sysias tle
primary canmunicaton cevice. WaveLAN is a wireless local netwodevice supporthg popular
protocok sich as TCP/UDP/IP in IEEE 802.11 compaiBSMA/CD format. Befoe this, a wireless
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modem with the maximum throughput of somewherbetween 57,600-11200 b was used for
wireless canmunicaton between the ground staton and the onboard flight computer. Wiilit offered

reliable performane from the beginnng d the project, tke radio signal of th wireless moda at 900

MHz might hae been stiong enowgh to caug jamming with the NovAtel GPS which is receing

signals in te 1 GHz bad from the GPS satkites moe than 20,000 k away. On tk other hand,
WaveLAN™ trades rargwith bandwidth. With tk new communicaton system, th ground staton

display station, runngin Microsoft Window 98, was modified to &sthe WaveLAN™,

The controller desig o the Yamaha R-50 was bas®nthe newv systen model of this aircraft.
The systen nmodel of Yamaha R-5tihower was identified usg a similar approach as was used with
the ca® of Kyosho Concept 60. This time, a proceduhat is moe systematic was developed to
identify the model usng PEM tool of tle MATLAB System Identification Toolbox™. Baséd onthe
identified model, th controller was designednd testel during April to May 2000. Th designed
controller forhowering was validatd during flight and it showed satisfactory resp@as is, without
any “tweaking” of the controller gan during the test flight.

During May 2000, anowel concept calle&Vehicle Control Languag@/CL) was conceived for
describhg a given mission. As il be discussed later in merdetail, VCL is human-understandabl
ASCII script-type language, which specifies efnelicopter misgin at the waypoint level. Different
flight modes such as take-offhowver, turn, cruie and land are specified with coordinatesnd qtions
and saved as text files. The¥CL files are then uploaded to &targetUAV and then executed. &h
VCL can & generated by typg the commands or by usig the convenient graphical user interfac
offered as a part of éground staton program. In July ad August 2000, té first-generatn VCL

interpreter was tested in a series of test flightsproved tle anticipated effectiveness.

1.5 Contributions

This project was funded by Army Research @ffi@RO), Office of Naval Research (ONR),
and Defeng Advanced Research Project Agency (DARPA). Professor S. Shankar Sastry is @ charg
of the whole project. Peter Ray, a staff of Electronics Research Laboratory (ERL) of Electric,
Electronic ad Computer Sciere(EECS) Department of Univergiof California, Berkeley (UCB) is
in charg of financial management. Tak-kuenhé Koo, a graduat student of EECS department
proposed, initiated rad led the project unil 1999. Tl project was co-founded by Yi Ma, Fia
Hoffman, Kirl Mostov and myself in 1996.



The concept of hierarchical structiand hybrid systen were contributed by th previous works
of PATH project ad ATMS projects. In th beginning, tle selecton d essential avionic systems was

influenced by tk previous works of PATH. With thassist of thesworks, | achieved #nfollowing

works:

. Assemby of Ursa Minor 1 (Kyokio Concept 60 SR-II) (HR1996)

. Assemby of Ursa Minor 2 (Kyokio Concept 60 SR-II) (Samer, 1998)

. Assemby of Ursa Minor 3 (Kyokio Concept 60 SR-II Graphite) (Fd.998)

. Assemby of Kyosho Caliber 60 (Fh 1999)

. Design, fabricatinand assemby of avionics electronics for Ursa Minor 1 (F4997)

. Design, fabricatinand assemby of avionics electronics for Ursa Minor 2 (1998)

. Design, fabricatin and assemby} of avionics electronics for Ursa Minor 3 (Smgi
1999)

. Design, fabricatin and assemhl of avionics for Ursa Magna 2 (Yamaha R-50)
(Summer 1999~)

. Despn and partial assempl of the avionics for Ursa Maxima 2 (Yamaha RMAX)
(Summer 2000~)

. Mechanical part degh d tail sewo mounting, custm IMU mounting, GPS mounting,
etc

. Mounting and enclosue desgn and machinng for Ursa Minor 1, Ursa Minor 2, Ursa
Minor 3, Ursa Magna 2ral partial wok on Ursa Maxima 3

. Circuit design, layoutrad fabricaton d custan take-over board (TOBfor Ursa Minor
1, Ursa Minor 2, Ursa Minor 3nd Ursa Magna 2

. Progranming for early verson d navigaton algorithmin MS-DOS ad QNX

. Systan identification o Ursa Minor 3 ad Ursa Magna 2

. Simulaton model derivatin and progranming in MATLAB/Simulink for Ursa Minor
2, Ursa Minor 3, and Ursa Magna 2

. Classical multi-loop controller degifor Ursa Minor 3 ad Ursa Magna 2

. u-Synthesis controller degifor Ursa Minor 2 ad Ursa Magna 2

. Design, progranming, and testhg d vehicle management softwar(VMS) for Ursa
Minor 2 (December 1998~Ajhr1999)

. Design, progrmiming, andtestng d VMS for Ursa Minor 3 (Apil 1999~March 2000)

. Design, progrmiming, andtestng d VMS for Ursa Magna 2 (J@i1999~)

14



. Design, progrmiming, andtestng d VMS for Ursa Maxima 2 (May 2000~)

. Integraton d INS/GPS usig Systron-bnrer MotionPak IMJ and NovAtel GPS
MillenRT-2 for Ursa Minor 2 (J@l1998~Apil 1999)

. Integraton d INS/GPS usig Boeing DQI-NP INS and NovAtel GPS MIlenRT-2 for
Ursa Minor 3 ad Ursa Magna 2 (January 1999~)

. Identification flight of Ursa Minor 3 (October 1999)

. Test flight of Ursa Minor 3 (October 1999~March 2000)

. Test flight of Ursa Magna 2 (March 2000~current)

. Creation, prognaming, simulation, ad test flight of VCL-based waypoint navigator
(May 2000~)

John Koo is responsild for the shaping-up of tlproject fran the beginnhg to summer 1999.
William Morrison, a graduatstudent in Mechanical Eng&ing (ME), designed rad machined th
mounthg d an INS, ultrasonic sensor mounting, battery tray, avionics mountitggantact switch
fixture of Ursa Magna 2.

Santosh Pilli p (ME) wrote the driver for Senix ultrasonic sensor.

Shahid Rashid (EECShd Santosh Phi p wrote a TCP/IP driver for QNX. Shahid also weot
a GUI usihg LabWindows®.

Cedric Ma (EECS) wret OpenGL-based softwarfor threedimensional visualizatn o
helicopter control simulatih results. H also performed #hsysten identification test flight of Ursa
Magna 2 twie (ore time with YACS on and the other time with YACS off).

Hoam Chung (ME) fabricated th majority of the avionics of Ursa Maxima 2. ¢talso assisted
many important fligh tess such as waypoint navigat and pu-Synthesis attituelcontroller on Ursa
Magna 2 sine Jure 2000.

While not introducedn cdetal in this dissertation, thvision systen and the UGV systen are
related with this work. Omid Shakernia (EECS), Cory Sharp (EECG®)Rare Vidal (EECS) ae
responsiké for the color trackng vision systeén on Ursa Magna 2 rad UGVs. Cory Sharp wretthe
guidane software for Pioree outdoa UGVs and ceveloped, progmamed, and tested a special vim
algoritthm on Ursa Magna 2. Tllio Celao Il (US Navy) constructed two ship-mmti simulators
base on Stuart platform: th arlier verson with electric motors (HR1999) and the later and larger
versbn with hydaulic ¢ylinders (Winter 1999~2000A number of joint works werperformed with
them: tle semi-automatic landg with Ursa Minor 3 (December 1999hécolor-based U@ tracking
with Ursa Magna 2 (August 2000).



1.6 Scope of This Dissertation

The research presented in this disseotafinds its sgnificance in the establishment of a systematic
methoddogy for the development of RAVs by thke use of cammercial off-the shef (COTS)
componerg such as radio-controlde helicopters, navigatn sensors, computersnécommunicaton
devices. With th ultimate goal d fully autonanous flight capaitity from take-off to landing, each
step towards #hgoal has ben developed, implementechd testel onthree RUAVs. Thes steps a&
(1) helicopterdynamics modeling, (2) parametric systédentification, (3) hardwag integration, (4)
softwale design, ad (5) flight test. In tle following chapters, th developed tdmndogies for thes
stages apresented.

The helicopter mode is derived fron a general full-sig helicopter model with #n
augmentatin d the servorotor dynamics. Tle acquirel nordinear mode is directly used for
simulaton model and it is further simplified throgh linearizaton in arder b dbtain a linear model for
controller design. Helicopter platformseaintegrated wih ravigaton sensors ad orboard flight
computers. Orethe hardwae and softwae are ready, a number of identificat flights, manual
flights with certain inputs excitg each flight mod of roll, pitch, yav and heave, wee flown. The
input and autput of the helicopter wa €nsed, sampled, downloadattlaecorded for processing. &h
parametric helicopter model fdrover is identified by runnig an identificaton algorithm with the
collectal data. After a high-fidelity model was found, both classical control thendystate-spae
based linearobust control theory arapplied for helicopter stélzation. The proposed controllers
were test@ onBerkeley RJAVs and they showed satisfactory results.

Basal on the successful controller for ¢hlow-level vehick stabli zation, a vehid guidane
logic is developedA unique approach proposed in this research is ibvel concept ofVehicle
Control Language (VCL)VCL is a middle-level vehielguidane layer in tte hierarchical structer
shown in Figue 1.3. This approach providesetlisolation and abstracthn between the low-level
vehicle control and the mission-level ondtion. In this framework, th onboard autopilot system can
perform any gven feasibé missbn without any reprogranming d onboard softwar as the missbon
changes. Téasequene of motion commands is described in a script langafégm understandablto
humans. Th VCL moduke consists of a user interfagart on the ground station, a languag
interpreter, ada sequencesnthe UAV side.

It should I stressed thatllaof the proposed idea in this dissertatiwere fully tested repeatedly
in the actual fligh tests. Frm this point, it is asserted thall ®f the proposed méioddogies in this

paper can érepeatd onthe other RJAV platforms with proper minor modifications.
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This dissertatin is organized in th following ader. in Chapter 2, # general helicopter
dynamics ae overviewed ad the norlinear simulatbn model ad linear control model a&r
established. Chapter 3 introduces hlardwae and softwae implementatbtn d Berkeley RJAVs in
detail. In Chapter 4, thautopilot syste desgn in the context of multi-layer hierarchical structus
addressed. For ¢How-level control, tvo dstinct approaches of classical controldanodern linear
robust control arapplied for tle desgn d the stalili zing controller usng the systen nmodd identified
in Chapter 2. To bridg the low-level vehicé regulaton layer and the high-level strategic
coordination, th nowel approab o Vehicle Control Languag is introduced ad the experiment
results ae shown. Detailed technitanformaton abou the RUAV's used in this research is given in

the Appendix.
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Chapter 2

Helicopter Dynamics Modeling and

System Identification

To despn an effectie autopilot systm for a RJAV system, w should first understad the
dynamics of tle target vehia platform. The helicopter dynamics ae derived by establishg the
equations of moatin by aepndyramic analysis of #whole system. Tk dynamics of tle helicopter
hawe bean wdl studiel ower decades ral abundah theoretical as Wk as experimental results ear
availabk [10,11]. A norlinear model @ aur bestknowledce is desired for high-fidelity simulations
upon which the proposed controllers awvalidated. For controller design,etinodel may e simplified
to the detadl | evel that tle applied control theory requires

Helicopter dynamics ae norlinear, inherently unstable, coupled, input-saturated, MIMa2, a
time-varyng systen with changng parameters. It is exposed to unsieaisturbance auch as wid
gust and cross wind while operathg in dverse flight modes such as take-off, landindyower, forward
flight, bank-to-turn, ad even inverted flight. Deito the complicated ad almost chaotic behavior
invaved with the aelodyramics of a helicopter, it is virtually imposshio dbtain fully accuras
dynamic equations valid forllathe aforementioned flight modes. Theoretical model rottas rather
large arors and has to le adjusted with tb eperimental data. Therefore, ewoften hawe to
compromig to dbtain models with moderaticcuracy for simuladih and control design.

In this chapter, efirst briefly overview the coordinaé systems that arused as threferene
frame for the descripton d helicopter motion. Then, @vdevelop a fulf norinear model of th
helicopter dynamic by lumped-parameter approacheThsults derived for full-si helicopters ar

adapted to account for dtspecificdynamic behavior of tservorotor of small-sezhelicopters. Th

18



generaldynamics ae simplified to a model valid fohover and low-velocity motion. Tle theoretical
model derived by aedyramic equations oftentimes inclidather larg eror dwe to the inaccurag

knowledce abou the actual parameters of aelyramic components iad has to fe reconciled with tk

actual experimental results. This process requires certain experimtitiesazich as wad tunnel or
whirl tower. In may cases, however, thedadlities ae not easy to accessndit would tale

tremandaus time and effort for a smi researb group in a university. Therefore,evare forced to fnd

sone other way to fid a model for controller design. For this reasosn,atop the parametric linear
time-invariant model proposed by Mettléf] fand seek to identify the parameters in thmodel usng

the flight data fran our RUAVs.

2.1 Coordinate Systems and Transformations

A number of coordinat systems a introduced ¢ descrite the motion d RUAV in three

dimensional space.

Inertial referene system
Earth-Centered Earth-Fixed (ECEF) system

» Tangent-plaacoordinaé system

Body-coordinaé system

2.1.1 Inertial Reference Syste and ECEF Systan

The inertial referene systen is the hypothetical coordinat systen where the classical
Newtonian mechanics is assumedhdd true. For describig motion bound to the Earth, tke inertial
referene systen is not very onvenient becauwesthe Earth rotates with respeto the inertial frame. In
this application, tb ECEF coordinat system, which is not an inertial referentame, is moe
convenient. Tle ECEF coordinat systen is, as te nane implies, attached to écenter of tie erth
and rotates together asedtEarth rotates. Hencenw fixed geographichlocaton onthe Earh has
constant coordinates with respéa the ECEF system. In hECEF coordinat system, a given point
is expressed in either Cartesian coordinates or geodmtidinates. Té coordinaé in the ECEF

systen is Pecified by (x,, Y., Yo in the Cartesian coordinatsystem. Th geodett cordinae systen
employs certai hypothetical #ipsoid to approximatthe complex surfae shag of the Earth. A
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geodetic Hipsoid is defined by $t £mimajor axis length (a), eccentricity (e), inertiakeraft rotation
(w,), and equatorial effectig gravity (y,) [36]. Thee are a number of standardli@soids ad rene
it should ke specified when th geodett cordinates ar used in literature. For now, dhWNVGS-84
dlipsoid is conmonly used in literatue for describing the operaton d INS and GPS. In WGS-84

standard, tasemimajor ad semiminor axes ardefined as

Semimajor axis length:a=6378137.0 m
Semiminor axis length: b=6356752.3142 m

In the geodetic system, a coordiras described by latitudepmgtude and absolue height, i.e.,
(A, @ h),. Thee is a transformatin relationshp between the Cartesian coordinatesné geodetic
coordinates. In WGS-84 standarce flatness of th dli psoid is defined as
a-b

f=2"2-0.003 (2.1)
a

The eccentricily of the dli psoid is defined as

e=/f(2-f) (2.2)

The lengh o the normal to tle dli psoid, fran the surfa@ of the dlipsoid to its intersection
with the ECEF z-axis, is

a

J1-€e?sin? A

N(A) = (2.3)

With gven (A, ¢, h), andf, e,andN (2.1), (2.2) ad (2.3), the Cartesian coordinatesegiound

by the following equations.

X =(N +h)casA cosgp (2.4)
y=(N+h)cosAsing (2.5)
z=[N(1-¢€?)+h]sinA (2.6)

The transformatbn in the other direction, i.e., geodetic to Cartesian, is rather complicated but

exists as we[36].
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Figure 2.1 Geodetic referercoordinaé system

2.1.2 Tangent Plane Coordinate Syste

The tangent-plaa frame is also called th local Cartesian coordinatsystem. Its origin is
locatal ona certain point of interestnd its X, y, zaxes aljn respectively with th north, east rad
downwad drection d the ECEF frane (Figure 2.2). In localizd mavigation, other tha gobal-sca¢
navigation, it is often marconwveniert to refer to this coordinatsysten than geodett coordinates or
Cartesian coordinates inefECEF frame. Sire GPS measurements refers te BECEF coordinate,

we ned a transformadin from ECEF to tle tangent plaacoordinaé systen as following.

local tangent plane

(0]

Figure 2.2 Tangent plamcoordinaé systen
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The transformatin dependson the origin, who® coordinaé is denoted agx,,Y,,Z,)gce Of
equivalently (A, @,.h,) in geodetic frame. With a given point wigosoordinaé is (X, Y, z)gcg N
ECEF coordinates, its transformed coordingk, y,z),, in the tangent plae systen is given as

following:

(X0
5/% =Rece . pAXece
E4EH

[FsinAcosg -—sinAsing cosA kO [k, O
_0 O _
=g ~sing cosp 0 %’D 5/

C

0 C

o[] C

HcosAcosp -cosAsing -sinAEHEZH . B Boe b

2.7)

Rece e in equatdn (2.7) denotes thtransforman from ECEF to tle tangent-plaa system.
The inverse transformation s smply the transpos of R..g 1 becaus it is, like any aher

rotational matrix, unitary.

As we are currently interested in local navigatiwhile using dobal coordinates fim GPS ad
INS, the waypoints usually refer to tangent-péecoordinates rad the transformatn o equaton (2.7)
is routinely applied for thprocessig d GPS measurements byetbnboad navigaton algorithm.

2.1.3 Body Coordinate Syst

The body coordinae systen is a special coordinasystem, whasorigin is usually attached to
the center of mass of a rigidody d interest ad rotates with tb body d interest. Trivially, ay
component rigidly attached toetlvehicle, which is assumed as a rigiodiy would have a constant
coordinae in the body coordinaé system. This coordinatsysten is very important as treferene
frame for (1) systen dynamic equations, (2) ¢hmeasurements by strap-down indriiastruments
such as accelerometeradaGPS, ad (3) lever-am compensatin d GPS measurement for INS
update.

By the convention d aeronautics, #body coordinae systen is attached to thcenter of mass
of the airframe x, y, andz axes point to #anos of airframe, right side, & downwardrespectively, as
shown in Figue 2.4.
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The transformatn between the body coordinaé systen and the tangent plaa systen is also
neaded. This transformath invdves the translaton and rotation d the rigid body representatin o
airframe with respet to the tangent plaa referene coordinaé system. h vector geometry, ray point

ontherigid body, denoted byX.,, can le representedybvector sum as shown in tafollowing:

X7p =X + X"
(2.8)
=Xp +Rg_mpXg "

There are threerepresentations for ¢rotation transformatn Ry 15 .

2.1.3.1 Euler Angles

The rotational matrix conmonly represented by étEuler angt of (roll, pitch, yaw), denoted by

(P,0,W), respectively, is given as:

Rg_w
O cosW cos© sinW cos® -sin®@ [ (2.9)
d C .

= D—sin Wcosd +cosWsinOsin® cosWceos® +sinWsinOsin®  cos@sin® C
HsinWcos® +cosWsin@cos® —cosWsin® +sinWsinOcos®  cosO@casPf

Again, ttetransformatin Ry _1p is unitary ad the inverse transformawnis simply
R =Rg.p =Rp_1p (2.10)

Another important equatn is the differential equatin relating (p, q, 1), the angular rates ineh
X, Y, ahd z direction, with tke Euler angt (®,0,W) .

OPO [ sin®tan® cosPtan®© TpC

d %:%) cos® -sin® %E (2.11)

dt@’@ O sin®/cos® cos®/cosOFF E



The inertial navigatbn algorittm can compug the attitude of the vehicke by solving the
differential equatin (2.11). It should bnoted, however, thighe matrix ha sngularity at © =+90°,
when the vehicle is upsia down. h namal operatin d the helicopter, this is not a serious problem,
but it can stl pose serious limitations in soacases. Ineal, small-siz hobly helicopters ag capabé
of howvering upside down. Whik the Euler angb representatin is intuitively appealig and convenient
for dynamic equations, representations withouty asingularities, such as direction-casiror

guaternion, arpreferred for the implementati o INS.

2.1.3.2 Quaternion Representation

Quaternbn parametrizatin is a favored méiod to representhe rotaton d a rigid body
becausit is freefrom singularities ad it is computationally efficientA quaternbnis a vector of four

entities obeyig generalized complex algebraic rules:

Q=0+ )+ K +0, (2.12)
where
ol =1
iei==1 joj=-1 kok=-1
icj=k jok=i Koi=j
jei==k koj==i iok=-]

A quaternonis equivalently represented by a vectpr[q, 0, G q4]T .

Theangular motinis described entirely by élquaterndn representatinas shown below:

q=%¥q
o
“igr oo 1y (2.13)
20g -p O r
Hp -q -r o
O - O
oe % % yp
_10% G %%D
2Be, @ E
Fa —% —%EB



Obviously, integratig equaton (2.13) is much mar dficient than (2.11)becaus it does not
invdve computationally expensivtrigonanetric functions. Té rotational transformatin matrix

Rg_ can kedirectly found with quaternion

gﬂlf +E -0 20 —Gs0)  2(ChGs + 0b0y) E

Rg_1p =0 2(0,0, +050,) qg + Q§ - q2 - Q§ 2(0,0; —p0l,) L (2.14)
D 2 2 2 2[
B2t ~%d) A% tod) K TA - "GE

The major advantagof usihg quaternonis, althowghit is not intuitive at all, the computational
efficiency and the absene of the singularities thathe Euler angles have. In semsituations, vehid

fealback control for example, Euler anglee siill necessaryrad the relationship is given as follows:

Sin® =-2(q,q, + ¢,qs)
® = arctan 2[2(q,0; ~ o40), — 2(cf +05)H (2.15)

W = arctan 2 [(qy0p ~ Gl ). ~ (0 + &) [

2.1.3.3 Direction Cosine

The direction cosire matrix is widely used in aerosmaapplications, especially in eéldesgn d

inertial navigatn systems [37]. Ay two vectors in theedimensional space, denoted byand r,,

intersect with angl 6 , which can bfound by theinner product relationship:

DrlorZ [

6 =cos* C
2 E

(2.16)

Suppos there are two coordinag¢ systems, denoted by superscipand b. A vector X can e

represented by two coordieegystemsa andb denotedoy X* and X", respectively. Ther eists a

unigue transformain between the® two coordinag systems satisfying
X? =R2X? (2.17)
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The transformatin can ke found by the following idea. W& can fid the intersectbn angles

bbb

anong the orthogoral unit vectors of two frames, denoted (]f’( i9, a) and ( iy

) and then cast

into the matrix fom

b _a b _:a HE:
gXOIX iy iy IXOIZB
b _5%b a ;b :a ;b :a
Ry =0y, ci% iyeiy iyei;n (2.18)
boia iboia ibola
z X z y z z

In fact, tke transformatn matrix (2.18) is tk identical rotational matxi presented earlier in
equaton (2.9).

Another important relationship is étime derivative of the transformatn matrix (2.18). Tl
transformatn matrix changes as a funmii d time when tte vehicke rotates as a funcim d time

with respect to thinertial frame. Tl derivative can ke found by

dRa(t) _

=R"Q°
dt a=~ab
00 -w wC (2.19)
=R, Bwa 0 _le
Bw, w O0E

Q> denotes thangular changof the b-frame relative to the a-frame, coordinatized in etb-
frame. Noe tha the skew-synmetric matrix Q° can k& represented by a vector
o=[w, ©, w,]" with outer-product operator.

When o is constant, #solution d the differential equatin (2.19) is

Ra(®) =R(t,) exp(Qyt)

_6b | Eb|n||m||tD ~cos|m|t §
Rt + ot E(
3 el I ol

The rotational matrix at every tient may ke found by calculatng the solution (2.20).

(2.20)

DEDD

Comparng the dual approaches, it lsnown tha the quaternbn approach is numerically efficienhd
yields lower error solutions [36].
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2.2 General Helicopter Model

The helicopter is capablof vertical take-off/landinghover, and pirouete as wdl as cruisng
like a mnventional airplane. Whél fixed-wing aircrafts obtain lift with their wings when they propel
throwgh the air with sufficient sped, helicopters wsrotors b generag lift and aher control forces
and moments.A rotor consists of a number of spingiblades symmetrically installed in a plane,
which ae attached to a shaft perpendicular te tades. Th circular plam tha the blades sveg
throwgh is calledrotor disc. The blace has certain cross-sectional shape, called airfoil, which is
suitabk for the generatin d lift. When a roto rotates by external torque,etblack pushes th air
down and cenerates lift as Newton's Madictates. A the sane time, tte bladce receives resistg
torgue in the opposit direction d rotor revolution, which is transmitted toaHuselag and causes
spin in the opposike direction d the rotar revolution. This typ of torqueis calledanti-torqueand has
to be cancelled by an additional mechanismeTfost canmon solution is the tail rotor whog shaft
is installed abdng the y-axis in the body coordinaé system. Tk tail rotor is installed athe end o
fuselag so tha the resultant moment, éouter product of moment @rand the tail rotor thrust, is
large enowgh to cancel th anti-torque. An undesirablside dfect of this configuratin is the
unbalanced thrust in ¢hy-direction, which actsat drift the helicopter sideway rad to tip off the
helicopter when it i®n the ground. Nonetheless, dto its smple construction, it is thmost popular

configuration.

Figure 2.3 Helicopters wit dfferent configuration
Left: Tanden helicopter Bogig CH-47 “ChinooK’
Right: Coaxial helicopter Kaav Ka-52

Other configurations ar(1) tanden type and (2) coaxial type. Thesdesigns hawtwo identical

rotors rotating in goposie direction so tha the anti-torgue of each rotor dis cancels tk other. Yav
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motion is obtained by conttibng the differene of the anti-torque of each rotor. Coaxial-rotor
helicopters haw two main rotors attached to a coaxial shaft rotatn opposie directions. This
approach results in a shortendy without a tél boam at the expeng of a very complicated power
transmisgin and control structue of the main rotor. Tandm helicopters, taéthe Boeing CH-47 for
example, hawtwo identical rotors rotatig in goposit direction onthe front and the rear top of tk
fuselage.
All of the BerkeleyUAYV fled, i.e., Kyo$io Concept 60 SR I, Bergen Industrial Twin, Yamaha

R-50 and RMAX, hawe the configuraton d one-main-rotor ad ore-tail-rotor, which was piewed

by Igor Sikor&y in the 1940s. In tk following, we concentrag on the dynamics of main-té rotor

configuratian helicopters.

2.2.1 Kinamatic-Dynamic Equation of the Helicopter

The motion d a rigid body in threedimensional spaxis characterized by #positon X™ of
the center of massral the Euler angles(®,©,W) for rotation d the helicopter with respedo the
tangent-plaa frame. In tke following formulation, we anploy the tangent plaa coordinaeé systen as

the inertial referene frame by neglecthg the rotaton o the Earth. Tle rigid body deys tke

following kinematic equations:

X =\ TP (2.21)
d OobO [ sin®dtan® cosPtan®

0_ e O b
P %DD- %) cosd sin® (2.22)

HPH B sin®/cos® cos®/cosOf

where
XTP 2 %(TP Vi ZTPQ 0.%2°

V™ : velocity of center of mass in &tangent plaaframe

Helicopter dynamics obey th Newton-Euler equatin for rigid body in translational ad
rotational motion. Té dynamic equabin is oconwvenientyy described with respécto the body
coordinae system.

1

VP==F, —@’xV’ (2.23)
m
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l,0° =M, —o”xI 0" (2.24)

The kinematicdynamic relationship frm (2.21) to (2.24) holds teufor any rigid body motion.
F. ahd M, in (2.23) ad (2.24) stad for the sum of the eternal forces iad moments that #rigid

body receives ad they ae specific to tle dynamics of tle vehicle. h aher words, te main problen
of modelng is to find F,, and M, . Helicopterdynamics can & studied by employig the lumped-

parameter approach, which considerg klicopter as th compositon d the following major
components: main rotor, itarotor, fuselage, horizontal stizer, and \ertical stabizer. Thee
components @&considered as &soure@ of forces ad moments. Ta freebody dagram of helicopter
is & down in Figue 2.4. The diagran depicts tle coordinaé system, geometriconstants, lad force
and momen terms actig onthos components. Téforce terms in tle x, y, and z directon are
denoted byX, Y, and Z respectively. Te momer terms in roll, pitch ad yaw direction are denoted
by R, M, and N, respectively. TasubscriptdM, T, F, Hand V denoe main rotor, td rotor, fuselage,
horizontal stalli zer and \ertical stabi zer, respectively. In grotational terms, #cross inertia terms
of the inertia tensor a assumd regligible. Basd on thes notation, ve can wrie the force and

moment equations as following:

X, + X + X, + X, + X0 00 v —wgl

. _10 O 0, O C

Vi _ED Yu T Y+ Y, D+ R s D+ qur +Wp[ (2.25)
Bz, +Z,+2,+Z,+Z. H B Bua-w E
0 Ru +YMhM +Zy Yy +YThT +Yvh/ +YFhF +Re L
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Figure 2.4 Freebody dagram of helicopter with respect taly coordinaé system

Now the problen reduces to th formulaton d each fore and momen tetm and the
measurements of élgeometre constans Pecific to the location d center of massral the location
main rotor, td rotor, axd stahli zer fins. In tke following sections, w seek to find the eguations for
each fore and momen tem following the results by Prouty [10]. This is not a trivial task beegthe
aeindyramics nvdved ae very complicated rad the resulthg equations may éin implicit form
and/or nvave look-up tables ad gaphs. Tl overdl accuracy may fh below the demanded
accuracy. Sit, this process is valuabto gain insight of tle overdl helicopterdynamics, which a
helpful o desn control systemsral goerat the vehicle. One we finish finding thes terms, ve can

construct a simulatn model aad a control model.
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2.2.2 Main Rotor

The main rotor is tk most crucial part of #hhelicopterdynamics. It generates dghvertical
thrust, orlift, to act against gravity. Brmain rotor syste is also tle most complicated mechanical
part of tle entire helicopter systemA main rotor typicay has two to si blades in radial
configuratbn separated by an equal angleblacke is bolted to tk blace grip, which is attached to¢h
main rotor head thrai a beamg systen (articulated) or strap (hingeless). €llift generated by th
black is the function d many factors includng relative air speed, air density, airfib shape, angle-of-
attack ad so forth. Tte main rotor systm also has a mechanis called swashplatwhich changes th
black pitch simultaneougl or as tke function d the angular positin d the main rotor shaft. Té
former is called collectw pitch and the latter is called cyclic pitch. Tehcollective pitch changes th
pitch o all blades to control vertitdift. The cyclic pitch changes &ndistribution d the lift force
over the disc so thathe direction d the thrust vector canedbtilted from the upright direction. It also
generates tthng and/or pitchig momen to caug the fuselag to tilt and the inclination in roll and/or
pitch induces lateral and/arrgtudinal motbnrespectively.

The dynamic equatin d the main rotor can & obtained by an analysis calléthde-element
method[10]. It starts with tle analysis of an infinitesimal bladdementon which various force sich
as lift, drag, ad centrifugal fore act. Thke overdl dynamics of tle main rotor can é found by
integratng the force and moment terms ahgthe blace length.

In Figure 2.5, tke geometry ad the freebody dagram for the blade dement mdtodis given.
The lift generate onthe blade dement is a functin d the local dynamic pressure, lift coefficienind
the width of the blade.

AL = gcchr (2.27)

whee q :localdynamic pressure

¢ :locd lift coefficient

c : width of blade

Thelocal dynamic pressueq andthelocd lift coefficient ¢ are given by

q=1p(Qr)’ (2.28)
C =ag (2.29)

where  p: air density
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Q :angular velocit of rotor
a: slope of thelift curve

a : local angt of attach

With the given geometry in Figue 2.5, the following relationships arfound:

a=0-¢ (2.30)
(p:tanﬂ%:% (2.31)

(a)Geomety of a Black Element

AD,
— >

(b) Freebody dagram of blace method
Figure 2.5 Blac dement metod
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Thetotal thrust of terotor can le found by the following integration

—h =P } 2 V() O
T =bL=20%bc v/ .
a I %r I‘B’]I‘ (2.32)

v, in equatbn (2.32) is tle inducel velocity of air volurme pushel down by tre revolving blade.

It is a functon d r. In hower, when theris no additional relatie air spead from horizontal or vertical
velocity, it has teimplicit form with thethrustT:

.V /m/cc’[ T
v, = E+ BEH+ZP—A (2.33)

where V. : climb velociy of the rotor

Note that v, in equatdn (2.33) is in fat the averagedinducel velocity of the rotor disc ad it
yields approximated results when solved in an iteeatianner [11] or in closed for after certain

manipulaton [26]. For moe accuraé analysis, tk following equaton for v, as tke function d r is

used.

[ 0, | f 0 V. O
BEabc+4nVCE[+\/BEabc+4nVCH+8nachr§9 oH

8

vi(r) =

(2.34)

Plugghg equaton (2.34) into (2.32), after aohg manipulation,T in closed fom is given as
follows with sone constant variables introduced for simplicity in manipulation:

Tzw-% %%(

mo + -R?)

2.35
- (2.35)

" 82 Elsmee? ((3m,Re -2m,)(mRe + m)* - (3mR -2m ) (MRe + ”"%)%)g

where




m =%abc+4nvc
m, =8mQ%abc

m, :%Qzabc (2.36)

= g - Vel
m = -

:iqu -V O

mﬁQnH

As obvious in equatih (2.35) and (2.36), T is a functon d many geometric parameters:eh

main rotor b, ¢, R R)), the aeodyramic parameters of ¢hblace (p, a) and the operational
parameters €,V,,Q ). One the rotor geometry is determined, there tiotor thrust can écontrolled

by the collective pitch 8 and the rotor RPM Q. As mentioned earlier, full-sézhelicopters hasan
engire governor to regulatthe rotor RPM to a constant e@l. Smdl size helicopters usuatldo not
hawe the luxury of a gowernor. Instead, thradio controller ha gecial mixng capaliity to
simultaneously control & collective pitch and the engine throttle openhg in preprogranmed
mapphg so tha the engine can keg up with the varying load by tle rotor. Sine this mappmg is
preset, te engine RPM does fluctua upon the chang of the load onthe engine. This métod das
not impog too mud dfficulty on human pilots. For automatioontrol, the engine governor is desired
to keg the helicopterdynamics less perturbed for model-based controllersout research, engn
gowvernors ag built usihg an gptical encoder, which picks upehifferene of reflectivity of a marker
onthe flywhed. The engine governor for hobby purpegFutaba GV-1) is also available.

Another important contributh  main rotor is tle torque Q, which can b computed by th
similar blag& dement approach. As cam been in the freebody dagram in Figure 2.5, thee are two
sources of horizontal drag force, inddakag and profile drag, whos outer product with tamoment

amr acts as thanti-torque:
AQ= (Aqu+ AD)r (2.37)

The induceal drag is tke horizontal component of #Hift, which is perpendicular to gdirection
of local flow. The profile drag is tle air resistane force parallel to tke local flow. Substitutig the

expressinfor AL and AD , equatbn (2.37) becomes
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AQ=r %(Qr)2 G Cr +§(Qr)z cccArE (2.38)

After substituting (2.31) and (2.34) into (2.38), ad enormous manipulation,eobtainQ:

RS —
Q=nn, 3 R
105m?

u

~(15mZR2 ~12m, mR, + 8¢ )(m,R, + m )%}

{(15m§R2 —12m, "lR+8m§)(m4R+ ms)%

an (2.39)
—_19 R3_ 3
C(R-R)+
2
Tom{(BMR-2m)(MR+m)* - (3nR, ~2m)(mR, +m)’)
G (e — s
+ (R -R))
where
_PA2 n —awcﬁ
nl—EQ bc s — BaH
ag
nz_vc_% n7:3n2_nsm4
a ag
- = 2.40
n3 (877.Q)2 nB 877.Q ( )
n4:rr~f+m5 Ny =mnn, —ngm +n,
_av, n, =2mn, —ny
s

Closed-fom equations with rather overwhelmg complexiy have been derived. Om
discouragng aspect of this approach is that @mamic equations usually contain 5~20% erroe du

to the imperfect knowledge of the invadved aeodyramic quantities rad the chaotic natug of fluid
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dynamics. Sitl, theg ajuations allav us certain insights in a qualitadéiway when used with realistic
measurements.

To gain sone insight fran the very complicated thrust equationgwlot the value evaluated
using the quantities forUrsa Minor 3.In Figure 2.6, tke thrust is plottd versus, (a) collect&pitch
and (b) the climb velocity. In (a), as expected,etbthrust increases proportional toetimcrea® of
collective pitch. Rather surprisingly, unkkthe complicated thrust equation,ethift curve is almost
linear with slight concavity. This inspiresethpproximatbn d thrust with simpler functin as dore
by many researchers, e.g. [6]. In (b)etthrust decreases slightly wherethelicopter soars up. This is
the clue to the inherent stattity of vertical response. Whenelelicopter climbs, thlift generated by
the rotor decreasesnd the helicopter drops, rad consequentially # helicopter gains merlift and
climbs back. This holds tafor tail thrust as wi so the yaw dynamics is inherently stable.

The thrust equatin ceveloped befar is quasi-static fan and orly the influence of vertical
velocity is accounted for. As a mattdrfact, the aelodyramics nvaved with tte rotor thrust ae very
complicated ad it is also a functin d the direction and magnitue of inflow along the x, y, and z
axis (so far & considered direction orly) and even tte rate of the pitch change. Experimenthow
that blae pitch changes in lasgamount within shdrtime induces larg amount of peak thrustnd
settles down.

The dependeng on the inflow has dgnificant effecton the stablity of vehicle speal. First of
all, as shown above, thverticaldynamics § dable. Tte lift would increag with increasng haizontal
velocity u and v becaus there is the more inflow per unt time. However, th overd vehicle stablity
is not only a functin d lift, but also d the flapping action as vl be discussed below. Junmgjto the
conclusion, th forward (or lateral) veloojt dyramics isgoverned by thk thrust, flappng and the pitch
angk of the body and it is known to ke stabk in the usual configuratin (no owersiz horizontal
stablizer and so o). This gakhility in larger scais knowvn asspeed stability10] and it indicates that
the helicopter onwerges to a certain forwénelocity with a certain pitch anglof the fuselage. It
does not mean, of coursegthelicopter $ gable at hover. Hoverng is an unstal@ eyuili brium and
the vehicle has certain stabl auilibrium of nonzero cruisng \elocity. If the helicopter is left
uncontrolled athower, it would start a csdllatory moton in the altitude-velocity-attitud channel
known as phugoid, rad it eventually woull go unstable. This is threa®n why helicopters ped

stalili zing control either by a human pilot or an automagigiback controller.
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Figure 2.6 Thrust vs (ap,,,, (b) V.

Another important characteristic ofetmain rotor, in additn to thrust ad anti-torque, is ta
flapping. Flapmig indicates tk osdllatory moton d the main rotor blades abobuhe hinges, which
allows the perpendicular matin to the rotor disc. This notin is dwe to the fluctuating thrug that is
caused by thchang of the angk of the attadk of blades, tk velocity, and drection d local flow.
Sinee the lift is perpendicular to thblade surface, if tie blace is flapping along the flapping hinge,
the overdl lift over thke blade has a vertical md a horizontal component. Hence,ethorizontal

component acts aselmoment in rding and pitching as wdl as tte horizontal fore in the x and y-
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axis. The original concept b flapping was devised by an amtyramicist Jua de la Cierva, vho
conducted extensi study onautogiro. After experienag mysterious rollover of his test autogir@ h
discovered thiathe unbalanced lifton the rotor disc was deito the increased forwat velocity of the
vehicle. He though tha the unbalane could ke alleviated by instiing Hinges for tke bladce grips to
allow blades to clih upand davn by the amount of generated lift. Siadelicopters hawthe sane
problan with the unbalanced lift when they attain forwhavelocity, flapphg is an important feater
in al helicopters. In addibin to the flapping caused by taforward flight, flapping is also induced by
the mechanim calledcyclic pitch.Cyclic pitch forces tblace to have a certain pitch anglwhich is
a functon d azimuth, i.e., th rotation angk of the main rotor with respecdo the fuselage. Cyclic
pitch is created by tiltig the swashplate. Tdpitch lever attached to atblade follows the tilt angle of
the swashplad and forces tle blade to hawve the cyclic pitch angle. In a full-sezhelicopter, tle blace
pitch ange follows 90" in advane of the swashplat angk in arder to compensaffor the 90° phase
delay of gyroscopic effect.rl aher words, when #hblade rotates ad receives upward foecdue to
the increased lift by flapping, thblace starts tilthg upward ad reaches th maximum angke
approximately after one-quarter mudf the blade. Therefore, thlongtudinal swashplattilt induces
the pitch angk of the blade while the blacke is dill over tre side. Tk maximun flapping is achieved
when the blace reaches tlongtudinal position.

The cyclic pitch is produced by éingenious linkag systen and swashplate. Té&imechanim
of full-size helicopter is rather simplbecaus the blace pitch levé is directly onrected to tk
swashplate. Tdablace pitch can le written in terms of a Fourier series. Whthe blade pitch has
fixed geometric relationship with ¢hswashplate, #nflapping dyramics deped onthe blace pitch,
the local flow, the helicopter lody pitch and roll rate and so on We will not go any further into tle
flapping dyramics @ full-size helicopters herbecaus there are very different fram that of small-sie
helicopters.

0:00+LR01—Acosw—Blsinw (2.41)

where
6 : local blae pitch
6, : blace twist(typically O in radio control helicopters)

A : lateral cyclic pitch

! Confusion arises due to the different direction of rotation of main rotor. Most civilian and yrikiasopters
manufactured in the US has counterclockwise rotation vielegaMost tobly helicopters and full-size
helicopters manufactured outside of the US including those used in this Inelsear@lockwise rotation when
viewed from &#owve. The clockwise rotation is consistgrdssumed in the following including Figure 2.7 and
Figure 2.8.
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B, : longtudinal cyclic pitch

Y : azimuth angle

Figure 2.7 Swashpla&tand pitch level configuration

A is positie when tre pitch at W= 18° is largerB, is positie when tke pitch on the
retreatng blace is greater than #pitch onthe advanang blade.

With the alternating blace pitch g, the blace flaps up &d davn during its revolutbn with ange
B to the plare perpendicular to main rotor shaft. @&ange B can ke represented by Fourier series

and we can truncat the series bygnaing the higher order terms:

B =a, —a,CcosW — b, SinW - a, cos2W —b, SiN2W........
=3, —,CosW¥ —b,_siny

(2.42)

In the series (2.42), #aconstah tem a,is called coning, r&d orly the first order coefficients
are used for flappig analysis. a, is called tle longtudinal flappng with respet to a plae
perpendicular to #hshaft defined as positwhen tle blace flaps down &the tail and up & the nose.
b, is called tle lateral flappng cefined as positir when tle blace flaps dow onthe advanang side
and up ontheretreatng side(Figue 2.8).
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Figure 2.8 Rotor swashplatnd flapping angles relationship

It is known tha the flapping action d a full-size helicopter finds th euili brium in less than
ore rotar revolution when tle rotor disc is perturbed by a sudden tilt of thody [10]. Considemg
that the avera@ main rotor spal is aromd 350RPM, tle responetimeis less 0.2 semd Smal size
radio helicopters usuafl have a vely high rotor spal aroind 1500 RPM, ad they woutl hawe
respone time in less than 40 ms. This is an extremely slhiane for the radio control pilotson the
ground. Tle dynamics of small-siz helicopters would & correspndngly very fast becawesthey
hawe a smaller inertia. For this reason, almadétsmall-siz radio helicopters hag a mechanis to
artificially introduce damping.

A stalilizer mechani® introduces gdahility to the helicopterdynamics throgh the use of the
gyroscopic effect or thaeidyramic effect of servorotors or both. IBstahli zer, which was invented
by Arthur Yowng in 1940s ad widely used in th Bdl UH-1H helicopters, litzes tle gyroscopic
effect of the stabili zer bar with weights at its tips. When it rotateg, lthr earns gyroscopic effeatch
it tends to remain in thsane plare of rotaton by resisthg external torque. Ténmain rotor blad
pitch levers ag conrected to th stahilizer bar throgh linkages ad its gyroscopic effect acts aseth
mechanical dalback soure of ral and pitch rate. Th Hill er stalili zer utlizes tle aelodyramic fore

exertel onthe stablizer blades, whit have a synmetric airfdl shape. Th main rotor blad pitch is
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controlled throgh the tedering motion d the stablizer bar ad the respons of the bladk is
aeindyramicaly damped. As tb nane implies, thke Bell-Hiller staliizer is a combinath d two
distinct stabizer mechanisms, i.e., @hBell-stablizer and the Hiller staliizer. This clever
combinaton d thes two mechanisms has a silater bar with stabzer blades as Weas tle
weights. Tle role of Bell-Hiller staldizer is ale dud: the mechanical stdlbzation by gyroscopic
effect of the tip weights ad the mechanical servog by the use of aelndyramic for@ on the stahili zer
blades.

This gahilizer mechani® consists of two paddle-shaplades attached to &d hinged in its
middle on the tip of the main rotor shaft md dher mixing linkages onrecting from the swashplag to
the main rotor blad pitch contrd lever. In Figue 2.9, tre Bell-Hiller staliizer mechanism of éh
Yamaha R-50 rad the Kyosho Concept 60 a shown. Tle actud implementatin d the stabhli zer
mechanim differs dightly becaus the R-50 has a vertically mawy swashplat and the Concept 60
has vertically fixed swashplate.

When the stablizer bar rotates together withetimain rotor blades, thstablizer bar with
weights ad blades develops gyroscopic actand aeiodyramic force. Tk forme reacts againstry
external torge acting onthe stallizer disc ad it retains tle current attitue of rolling and pitching
for substantial time. Téamotion d the stahlizer bar is onrected to te main rotor pitch levers
through a series of linkages.

The blades recew aendyramic fore proportional to their pitch angle. This adyramic fore
exerts tle teeterng moment of tie bar. The tedering motion is converted to tlke chang of the main
rotor pitch. D to the configuraton d the blade pitch axis ad the point whee lift exerts on the
blade, tle blace pitch has a restorig moment, which in turn acts to restdhe tedering motion to
rest. Thes two momens ek the ajuili brium between the tedering motion and the restorhg torque
of the rotor blades at significantly sloweate than the time constant of th rotor systen without the
stahili zer mechanism. Therefore ethervomotors that actuathe swashplag do nd hawe to supply a
large amount 6 force to overcone the restoring torque of the main rotor blades asdlservomotors in
the full-size helicopters hawto da This unige approab o the use of aendyramic for@ on the
stabli zer blades as &blade actuaton force earned tle name servorotor.

The tedering motion is a dampe csdll atory motion, whos characteristic is determined byeth
aeindyramic properties of #hstallizer blades rad the main rotor blades. Tghamount of ¢dering is
determined by throtor speal and the pitch angk of the stalili zer blades d it is the sane as tle tilt
angk of the swashplate.
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Stabilizer blade

2

(b) Kyosho Concept 60
Figure 2.9 Bell-Hll er Staldi zer systm

The stahlizer dynamics can & modeled in a send ader differential equadn invaving the
stablizer bar ad the rotor black inertia, the aeodyramic fore on the stahlizer blades red the rotor
blades ad the mechanical éedback tem from the gyroscopic effect of #astablizer bar. Mettler 7]

proposed first-orde model that characterizesetbehavior of tle Bell-Hiller staliizer & hown in
(2.43).
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Equaton (2.43) is a first-order model of éHlapping rotor dynamics, which accounts foreh
coupled servorotodynamics ad mechanical dadback by tle gyroscopic effect of #stahlizer bar.

T, Is the time constant of th servoroto respone to the swashplag tilt angles. Tle body rate p and q

appear ase&lback terms deito the gyroscopic effect of #nstablizer bar of tlke servorotor system.
The ayuations also inclulthe input couplhg terms, which a&not smdl as own later. Tl angular

rate dynamics ae coupled with blad flapping angles &, b,) and body \elocities (1, V). uandv
mainly ae affected by thtilt angle pitch androll, respectively ad also by tle flapping angles.

Research?] shows this tire constantr, introduced by tbuse of the Bell-Hiller staldi zer is
approximately equal to fesrrevolutions of tle main rotor. For ta Kyosho Concept 60 helicopters,
is about5/(1500RM /60) =0.2 seond For tte Yamaha R-507, =5/(900RAM /60) =0.333.

As the closing remarks, it should dnoted tha the stabli zer bar does ndatabilizethe overdl
vehicle dynamics. It merely introduces further damgtio slov down the respone so tha the ground-
based pilot can control ¢hvehicle with geater ease. Another obseraatiis tha the stablizer
mechanim is not used for full-sig helicopters ay more becaus the stalilizer mechanim sacrifices
maneuveralbity for the additional stallity. The dynamic daracteristics of # vehicke can ke
significantly improved by thuse of electronic staibity and control augmentatin systen (SCAS) in

more versatie manner.

2.2.3 Tail Rotor

The primary rok of tail rotor is b generag horizontal thrust varyig by the collective pitch o
the tail rotor blades. With #tamoment am provided by tle tail boom, tte tail rotor provides yawig
momen to counterac the anti-torgie of the main rotor. It also producesedhlunbalancd haizontal
force, which acts as a drifg force in the y-direction. h howr, tre helicopter tils dightly in roll so
that the horizontal component of &main rotor thrust in #y-direction counteracts to thtail rotor

force.



The tail rotor consists of tav a more symmetrically placed blades, a shafidapitch control
mechanism. Té configuraton is smpler than tle main rotor becawesthey do nd hawe cyclic pitch
control mechanisms, or stliber bars. Althogh small-siz helicopters usuatldo na hawe flapping
hinges, tle bladesdo undego elastic deflectin by the fluctuating aeodyramic force. In simplified
analysis, th tail rotor contributes to #thyaw moment, sideslip ra rolling moment dependg onthe
location d center of mass. HEthrust and torgue can ke computed with equations (2.35hdh(2.39)
with dfferent values for tih rotor. Tte thrustdynamics with tke sideslip or yav is smilar to the main
rotor dynamics n vertical motion, ad rene it shows inherent stdlty. However, when #h
helicopter ha dgnificant crui® speal, the downwash fran the main rotor as we as tle inflow

affects tletail rotor andthe horizontal statti zer fin and resultng dyramics can équite complicated.

2.2.4 Stabilizer Fins

The Horizontal aand \ertical stabizer fins, which ag attached to thtail boom, exer the
restorng moments in th pitching and the yawing drections, respectively when ghvehicle has
forward velocity or head wind blows. Thei role is smilar to the role of their counterpart fofixed-
wing aircraft: to provié mechanical stalzation when tke vehiclke has aufficient forward velocity or
it is exposedd headwind. Tle contributbn d the fins appears as ¢fforces ad moments caused by
the aeiodyramic lift and dag that ae generated when ¢éhincoming airflow passes thrah thee
components. Tdairflow around the fins becomes very complicated whese #ffect of inflow and the
downwa#h o the main rotor interactn high-spead cruise. In lav velocity crui or hower, thes do na
hawe significant rok and hene we can gnaethe dfect of the fins in the subsequent modeling.

While the fins o fixed-wing aircrafts always offer positévstablizing effects, tle fins in
helicopters may caesadversary effects whendlhelicopter experiencesiltavind a side wind during
low-sped flight or hover. For example, when ahail wind blows a helicopterni hower, the vertical
stahili zer fin forces th yawing to deviat further. Tte horizontal fin show dmilar effects in pitchig
motion. Therefore, similar to airplanes, stdafe for helicopters to takoff with head wind. h hower,
when thee is no wind, the fins do nd contribuke to the helicopter in ay significant way excepto
creat the vertical dray o the horizontal fn due to the main rotor downwash. In sardesigns
including the Yamaha industrial helicopters used for @asearch, thstahlizer fins ae omitted or

miniaturized if tke helicopter is not intended to fly atghisped.
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Figure 2.10 Stabi zer fins of R-50 (left) ad Concept 60 (right)

2.2.5 Fuselage

The fuselag receives dragral lift forces in d direction. Tle downwad drag is produced by
blocking the inner part of tk downwaé o the main rotor. Tle horizonta lift and dag ae produced
when tle helicopter gaia geal o it is exposed to tawind. Definitely, tre drag and the lift of the
fuselag are the function d the geometric shape. Ehhorizontal drg o the fuselag is ore of the
major factors for engenoutput and the maximum cruise speal. The vertical drag by ta partial
blockag of the downwash acts as a paraditad. Ore interesthg doservatbn is tha the helicopter
hovers with lesser power in ehnverted flight, i.e., th helicopter flies upsieldown with tke strong
negatiwe pitch o the main rotor. In thé gate, tke downwas o the main rotor is not blocked by ¢h
body anymoe and slight decreas of the powe requirement forhover is observed. This hasdn
never attempted by éfull-size helicopters, but it is anof the popular stunt flights by thadvanced
hobby radio-controlie helicopter fliers.

The behavior of tle drag and lift of the fuselag can ke measured by thuse of a wind tunnel or
estimated by #projected blockig area of tle fuselage. However, similar todlstahlizer fins, tle
horizontal &ad the vertical drg do na haw the significant effecton the vehicle dynamics especially

when tle helicopter ism hower. Therefore, it is alsgnaed in thke simulaton modelngin our study.



2.2.6 External Factors

The helicopterdynamics undergoes a traneitiwhen t takes & from the ground a lands back
onthe arth. The ground exers supporting force when dl or sone part of tke landing gear touches th
ground. With a certain assumptiong tjround support can & modeled into th simulation. Another
important factor is taground effectwhich indicates thphenomaon that less power is required to
generag a certain amount of lift when ehhelicopter is closer to éground than tke powe required
for sane amount of lift far fren the ground [10,39]. The soure of the ground effect is tle decreased
magnitue of the inducel velocity & the blade dement, de to the blockag of the downwash by th
ground. Tk ground effect usually lasts up to dhaltitude of roughly tke lengh o the main rotor
diameter. When thhelicopter is very clasto the ground, tle ground effect can bodsthe thrust up to
100% moe than tle nominal thrust out of #nground effect region. Inded, this is tle underlyng
theorly of howercraft, which floats only fe inches over taground by blowing air down. Ursa Minor
1, the first test RUAV for the BerkeleyUAV research, codl hower only in thke ground effect regon
becaus the engine could na kee up with tke required load for grauwd effect-freeflight.

Obviously, tle ground effect is a very complicatednd strondy norlinear dynamic effect,
which is vey hard to model analytically. Fnothe viewpoint of controller design, ¢rotor efficiency
boost under thground effect appears as larger cottioput gain. In th ground effect region, th
helicopter drifts mag or feds like it is “riding onair” due to the unstealy wake of the main rotor
which is reflectd onthe ground. Fron thes observations, #hproposed controller shouldeibobug to
the chang of rotor efficiency as wkas to tke disturbane when thte helicopter is in th ground effect.
The landing controller should & able to control tke vertical descent followig the landing profile

while minimizing the longtudinal and lateral drift to prevent tip-off of #nhelicopter.

2.2.7 Helicopter Hover Model

The Newton-Eulerdynamic equations in (2.25)nd (2.26) is valid throghaut the entire flight
envelop asdng as the accura¢ force and momen terms ae found and used. It is often impossibto
find the force and momen terms that ax accurag over tre antire flight envelop. Therefore, anneal
to limit the flight range to a certain flight mogito dbtain moe accurag and simpler equatin form for
analysis. h aur research, as hasdn implied so far, w start wih hower moa becausit is ore of the

most important maneuvers of helicopteddow velocity harizontal/vertical motin and pirouete can
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be considered as ¢hextensbn d hower. In hower, tre helicopterdynamics smplify in the following

ways:

» Since the vehicke has a very v velocity in evey direction and the attituce deviatonis gnall,

we can gnaethe dfect of the fuselage, thhorizontal stalti zer and the vertical stabi zer.

(X,Y),. =0
(X,Y), =0 (2.44)
(X.Y,Z), =0

» Thetall rotor shaft is aligned ahgthe +y axis and it does not generatny significant forces
by the locd inflow in aher direction. h aher words, thtail rotor generates ¢ateral thrust,

and yaw moment ad anti-torge in pitch axis only.

(X,2); =0 (2.45)
(RN); =0 '
Under the assumptin (2.44) and (2.45), tle differential equatin (2.25) simplifies to:

1 0 Xy 0 (00 vr—wqrC

kD Y bR -us 2
gM"’ZH"’ZF@ @@ @JQ-VIOE

0 Ry +Yyhy+Zyyy +Y:he O Oor(l, -1,)C
o :I;l%\AM = Xuhy +Zyly + M7 +Z, 1 %"’Igl Bpr(lzz - Ixx)E (2.47)

@ Ny =Yulw =Yl @ B)q(lxx_lyy)E

With the simplified systen equaton for hover, we find the aelodyramic equations for variables
in equaton (2.47).

* Main rotor

The main rotor is tlk soure of verticd lift, horizontal force, ad anti-torque. It also
generates th rolling and pitching moment by flappingknown as rotor stiffness, which is
produced by thvertical component of thblade centrifugal fore acting at the hinge offset. The

overdl contributbn o the main rotor can éwritten as follows:
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Xy =-Ty sinag
Yy =-T, sinb
Z,, =-T, cosa cosh,

OdrR .
=—G— [, —Qy sina, 2.48
R, Ddbj% a (2.48)
MM :%dﬂ%ls_QM Sinbls
as 0

Ny =-Qy cosay COSbJs

where the rotor stiffness ten can ke found by

_:_:__bmoR(QR)z (2.49)

Note tha the rotor stiffness is identidan rdl and pitch drection becaus of the synmetry
of therotor.

e Tall rotor
As reviewed above, ¢htail rotor is considered to prowedhe lateral fore as wdl as the

anti-torque.

Y. =-T.
o7 (2.50)
MT :_QT

The sign d M, dependson the direction d the tail rotor revolution. Tle sign is minus for

both Kyo$o Concept 60 ad Yamaha R-50 helicopters

» Vertical Drag on fuselage and horizontal stalli zer

Thes terms, Z_and Z, can e obtained by experiments or senestimaton using the

cross-sectional area of tleeomponents in #arotor downwash.

Substituthg (2.48) and (2.50) to (2.46) ad (2.47), we obtain thke norinear model forhower

as following:
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O —Ty sinay O o0 - wq[

L1 .
Vv, _EB -Ty sinb, - T; B R BB)D vap ur[ (2.51)
B-Tu cosa, cosh, + 2, +Z. FE Ha-wE

O O
0 - DdRB)E -T,h,sinb, -Q, sina,-T,y, ~T-hy O

; Dst B qu(l -1)C
o7l dgimi #T, by sina,, = Q, sinby, +Tly, = Qr +Z,l, B I pr(1, = 1,)F (2.52)
I -l
g -Q,, cosa, coshy, +T,, sinb,, +Tl; 5 Hpa(l . - 1,)F

We can complat the simulaton model with tle knowledge of each fore and moment

termsT,,, T,, Q,, ad Q, are found by the ejuations developed in Semti2.2.2. In evaluatig

equations (2.46) to (2.50), ennead to knav geometric, aerdyramic and mechanical parameters
specific to tle helicopter system. Samof the® can & esily measured, samof the® can e
obtained fron experimental data soucetich as NA@\ and sone of the® hawe to be decided by
approximatbn and estimation. Usually # mog troublesore parts ae the aelodyramic properties
especially when & do nd haw access to certain test equipment. Anocther difficulty ie th
measurement of éhmass moment of inertia. For smaller helicopters,can drectly estimag the
guantity throgh the pendulum test [26]. For larger helicopters, such as Yamaha helicopters, this
process is usually cumbersome. Solid modelisihg computer degin softwale could ke anployed
with moderag accuracy. However, ¢hatter approach requires exterssknowledge of the helicopter
components that only ¢tmanufacturers arlikely to have. Furthermore, mg manufacturerglo nd
even keg tradk of this information. Becawgsof this complication, w did na find the CG locaton
and mass moment of inertiaff dor the R-50 and the RMAX. This was anotherea®n that we had to
resort to the experimental parametric identifaatpproach.

In the development of # simulaton model for tke Ursa Minor 2, we were able to perfom
extensie parameter measurements saown in Tabé 2-1. Thes parameters hanot been reconciled
with the actual flight data becaaghe flight experiments provigl the systen respone which is a
mixture of al components, i.e., main rotor,iltaotor and so on Therefore, it is necessary tottése
individual components usjj aeodyramic test faitities. Becaus of this difficulty, we did na
attemp to find the norlinear model with this approachn@é we took an alternatie way that is

presented in #next section.
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Figure 2.11 Blod diagram representatin d helicopterdynamics

5C



The vehicle model developed so far care limplemented in a simulath environment. In
chocsing the simulatbon environment, therare a number of choices available. MATLAB isenof the
most popular degh and simulaton environments becaast offers abundant numerical algorithms
and cespgn tools as wk as ni@ visualizaton functions. For th simulation, MATLAB offers
graphical user interface-basaumerical simulatn environment, Simulink®. In this research,
MATLAB/Simulink is consistently used for controller dgsiand simulation. In tle Simulink
environment, th helicopter dynamics developed so far is cast into Simkil5-functions in te C
language, which is chosen for faster exeguiime.

The helicopter equations that tabeen formulated so far canelrepresented in ehfollowing
block diagram. It should & noted that, qué contrary to som understandings, ¢hhelicopter
dynamics ae not a cascael of servomotor-attitude-translational sdpramics. Tle feedbadk of
angula ratesp and q due to the Bell-Hill er staliizer systemmodifies tlke dynamics substantially. Tle
horizontal velocityu and v also affects thattitude dynamics. If tke helicopter is constrained ineh
translational motin and orly the attitude motion is allowed, tle attitude dynamics § gable. However,
when it is allowed to mavfredy in the horizontal direction, thvehicle dynamics becomes unstabl
dueto theinteracton o the lift and the inflow.

As can e seen in the block diagram, tle helicopter systm has four inputs wh the helicopter
has tle freedam in #2°xSO(3 . Therefore, th helicopter is arunderactuatedgystem, which implies

that the vehicle dynamics has internal constrasngo that only four DOF canebarbitrarily achieved
while the other two ae constrained by #configuraton d the helicopter. Tl helicopter achieves ¢h
longtudinal motbn and the lateral motbn by tilting the body first in pitch ad rall direction,
respectively. Th attainel velocity inx and y direction has certain relationship withetamount of tie
angk tilted in pitch and roll direction, respectively.nl namal situation, this wodl na pos any
significant restrictin in ravigation. Tk peculiar situatin cccurs dumg the landing: de to the
dynamic relationshp between the attituce and the translational velocities in &x and y direction, tte
helicopter has difficulties to il ona slanted surface. This hasab knowvn to ke a problen when a

helicopter attempts tora ona rdli ng and pitching dedk of a ship.

* Linearized Model
The norinear model (2.46) fohower is valuale for the norlinear simulatn model and it can
be further simplifiedd dotain the linear model.A linear dynamic model for helicopter iseaded for
the desgn d linear feadback control system.sAdown in Figue 2.11, tke helicopterdynamics can &
decomposed into the parts: (1) servoactuator-mechanitakage system, (2) aedyramics g/stem,

and (3) kinematic system. In ¢&tpreviows fctions, tle kinematicdynamic relationship for (2)ra (3)
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are developed. Tasubsystm (1) is relatively easier to identifynd the response timis usually faster
than that of th aeodyramic systems. Therefore, inetlsubsequent analysis, etlservoactuatin
dynamics is embedded inghmuch slower-to-resmd consequentiatlynamics ad will be identified

together. With this considerationgwefine the following nodinear helicoptedynamics

X =F(x,u) (2.53)

where
x=[u vw®poeaqgWwra bl (2.54)
u=[u, u, Uy U I’ (2.55)

u, :input to tielateral cyclic pitch
u, :input to tkelongtudinal cyclic pitch
U, :input to tie main rotor collectie pitch

U, :input to main rotor collectespitch

For the norinear control model, wcan drectly use the norlinear simulaibn model or a model
with simplifications and/or approximations ofetthrust and torque terms. In this research,evare
interested in findig the linear time invariant model for LTI identificatin and controller degin for

hower. Therefore, wintroduce the following assumptions:

* The velocity and attitud angles a& assumed to é very smd so tha the following

simplifications ae valid:

sinx=X, cosx=1 (2.56)

* With the assumptin that the rigid body hes sndl velocity and attituce angles in every

direction, tke Coriolis’ acceleratnterms ad gyroscopic terms a&ignaed.

yr—zq0=0 -Xr+2zp=0 xq-yp=0

I - I |
WI Zqr=0 —IZZI L pr=0 XXI 2 pg=0

XX yy z

(2.57)

Applying (2.56) and (2.57) to tke original equation, wobtain tle differential equatin
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X =F(x,u)
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Note that the force and moment terms a&the function o a number of parameters as following:
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Thelinearized systm equatonis defined as thJacobian matrices ineffiollowing:

OF, O 0OF, O
OX=[+—10 X+ F—0 ou (2.60)
mxl d=Xim [ﬁui X =X4im

U=Uyim U=Uyim

where
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The Jacobian, often referred to a® 8tability derivativesn the aerospag community, can le
found by the partial differentiatbn d the systen equaton F(x,u) as shown in (2.61) ad (2.62). Tre
terms wih nregligible contributions a& displayed with smaller fonts. Ehvaluabk results on
calculathg the Jacobian wer suggested by Prouty [10]. Wsj Hs work, thke Jacobian matrices cae b
computed by simply plugag in the parameters of thtarget helicopter @hown in Tabé 2-1. Most
of his work is directly applicablto cur research with th excepton d the flapping characteristics.
The Jacobian in (2.61)ral (2.62) provides us thinsightson the relationship betwen the contributon
of each tam and the overdl vehicle dynamics. This analysis is particularly useful foe trehicle
desgnandtuning process to ed the handling quality requirements.

In Tabk 2-1, thke various parameters of Ursa Minor 2edisted. The meanings of thes
parameters armostly self-explanatory. TFhinertia terms ar measured by a simgppendulun test.
The geometric terms ardetermined easilonce the location d C.G. is found. Th airfail of the main
rotor of the Ursa Minor 2 is assumed NACAOO1RAdits aendyramic parameters adetermined by
the experiments by NA® in 1950s. Tk airfoil of the tail rotor is clog to NACA0014 ad the
aeindyramic parameters ardetermined in a similar way. €hoperational parameteraich as tk
angular velocit of main rotor ad the hover pitch aefoundby a series of test flights.

As mentioned earlier, @hae difficulty directly pursuing this approach because, iretta® of
Yamaha R-50 for example, most oktheiodyramic aad mechanical parameterseadifficult to find.
R-50 is bo large and heary to measus the inertia directly. Tle aelodyramic propery of the custom-
sha blades of R-50 is diffictil to estimag¢ without any test fadity. Therefore, w se&k an

alternative way to finda systen model directly ugig the flight data.



Table 2-1 Parameters for Ursa Minor 2 for simubatmodel

Qm
Angular Vel. of M.Rotor 171.1  1634.32RPM MACH Number 0.39766199144

7.2deg
c Normalization Numbers
c
c Max.Vx 5m/s
c Max.Vy 5m/s
c Max.Vz 5m/s
s Max.Roll_angle 0.3491rad
s Max.Roll_rate 0.3491rad/s
c Max.Pitch_angle 0.3491rad
c Max.Pitch_rate 0.3491rad/s
c Max.Yaw_angle 0.3491rad
c Max.Yaw_rate 0.3491rad/s
c rad
c Max.Tail_pitch 0.4363rad
c rad
c Max.Longitudinal_cyclic_pitch 0.4363rad

N/A Servo_Corner_Frequency 6.2832Hz

8792.646 RPM Servo_Gain 66.82
Max.Servo_Pulse_width 800
MACH Number 0.34934857633
Linkage Gain
Main 1.9248
Tail 2.3955
F to T ratio Lingitudinal 1.9289
Thrust of T.Rotor 5.553¢ Lateral 1.5431

Torque of T.Rotor

8.1

Angular Vel. of Engine 1675.5 16000
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2.2.8 Expermental Hover Model

In the previows ctions, a generalorinear systen nodel for hover has ke developed. This
modé is very useful for th constructbn o simulation modé if and ory if the accura¢ knowledge
over numeros g/stan parameters rad rotor foree and moment models is availablen bur research,
we estimated thk full set of parameters for Ursa Minor & snown in Tabé 2-1. As mentioned above,
the estimated parameters veenot reconciled with tflight data end the obtainel nordinear model
may na correcty descrile the actual helicoptedynamics. Tle major difficulty of this approach is
that the accura¢ knowledge of the aendyramic parameters as Iweas me other mechanical
parameters arhard b dotain and the recondiation d the theoretical model with # experimental
data is impossiklwithout proper experimental setum. dur research, this situati forced us to resort
to the ampirical parametric identificath method insteal o the theoretical model approach. &h
parameters that havto be identified ae the Jacobians in thlinearized model. Whil the parameters
of the norlinear model developed abmware physical mechanical or amlyramic parameters, ¢h
parameters in thJacobian a the first-order derivatie of the complicatel norinear functions in
(2.58). As ve decided to identify th helicopter model as is, a number of changesnaack to the
original norlinear or linear models proposed in Seat2.2.7. In tke following, the templat model for
the LTI MIMO parametric identificatin is given. This modes proposed by Mettlegt al in 1999 it
is a simplifiel verson of (2.61) and (2.62) obtained Y discardihg terms of negligit# contributions.
This model also includes dlservorotordynamics as a first-order approximatiorThe servomotor
models for tle control surfaces arenbedded in th systen matrices ad identified together becaes
the bandwidths of th servomotors ar sufficiently higher than tk retarded respomsspead o the
servorotor ad lift dynamics of main ad tail rotors. Another major modificatn is the inclusion d
the built-in rate gyrosco compensator model. Asillvbe eplained in a greater deéftan Secton 3.1,
the rate gyrosco senses #hyaw rate and superpos the yaw compensatin signal on the pilot's
command. Tle fealback systm attenuates #h dfect of the anti-torque fluctuation on the yaw
respone so tha the ground pilot to control tle vehicle with ease. It was decided to |eathe built-in
gyrosco in the loop becaus of the two reasons: (1) thyaw respone can ke improved without
additional yav rate feadback if tuned correctly, ral (2) it helps tle human pild to take over the
control of the vehiclein emergency.

With thes factors, tle templae model has thinput to the servomotor as thcontrd input
variables. In th yaw channel, thinput isno longer the tail collective pitch: it is naw the input to the

yaw rate compensator. 8 having the servomotor PWM input as étcontrd input, we do nd neel to
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identify the servomotors rad the linkage gairs sparately: they aridentified as a whel in the

identification process. In thfollowing, the templat modé is shown:
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A MIMO model can ke identified with a number of numerical optimizatialgorithms. h our
research, a time-domain bdsptimizationtod is used as W be explained n detail.

To identify the parameters in thsysten matrices (2.66) ad (2.67), vwe neal to collect flight
data first. Tle UAV platforms ae euipped, as W be &plained n detdl in next chapter, with
hardwae and softwae that measwa the pilot's contrd input and the vehicle response. Dunig the test
flight, the pilot issues frequency-®aping contrd input in each channel, namely roll, pitch, yanda
vertical and the vehicle respone was recorded. Althah the task sounsl graightforward, tle actual
experiment is mar invaved and risky due to the unstabé helicopte response, #ncomplicaton o
platform/hardware/softwarreliability, and the perturbe vehicle respone due to many factors sich
as whd and temperature.

In a certain interval,ongtudinal and lateral controls arissued in mixed way to captuthe
cross-couphig d thes two channels. Gaflight data 5 sown in Figue 2.12 in the first stage, th
controls in tke longtudinal and the lateral channels argiven simultaneouslyni arder to captuz the
coupling between thee axes, whi¢ other channels arcontrolled to maintain constant altieidnd
heading. In th latter two stages, ¢hmain rotor collectie pitch o the tail collective pitch ae
perturbed. Finally, thcontrol signais issued intolachannet smultaneously to check ¢éhvalidity of
the cross-couptig term. It should b noted that, deito the coupled ad unstabé dynamics, tk pilot
has to isse a stalilizing command to kee the helicopter in a confined area. This hinders data
collection d a one-channel-at-a-timesponse.

Once adequat flight data has & collected, w identify the parameters in thsysten matrices
using an identificatbn algorithm. Befoe fealing the data into tke numerical tool, th data is
preprocessed. Ehangula rate measurements affiltered by zero-phas noncausal discrete-tim
filters to filter out hgh frequeny nadse without introducingphas delay. Tt roll and pitch angk
measurements ardetrended becaadghe helicopter has a m condtion, i.e., the ayilibrium with
certan noreero states. In this researche firediction-error métod (PEM) in tre MATLAB System

Identification Toolbox is chosen.

* Prediction-error méiod[34]
Suppos we consider a discrete-tmstae spa@ model
X(k +12) = Ax(k) + Bu(k) + Ke(k)

y(k) =Cx(k) + Du(k) +e(k)

(2.68)

where
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yo2"™

ed2"™

g: oretime-step delaoperator
From (2.68), tketransfer functon from u toy andthe transfer funconfrometoy are

G(q) =C(dl—A)"'B+D (2.69)
H (@) =C(alw — A K + 1, (2.70)

respectively.

Definethe predicton errore(k) such that

(k) = y(k) - y(k)

=G(q)u(k) + H(g)e(k) - G(a)u(k) (2.71)
=H(g)e(k)
O e(k) =H ()] y(k) -G(q)u(K)] (2.72)

The PEM s&ks to minimizes tbquadratic error funadin

Vy (G,H) = iez(k) (2.73)
=1

to find the systen nodel G and tte eror modelH such that
[Gy. Hy fF argminV (G, H) (2.74)

The minimization problam (2.74) s lved by tke iterative Gauss-Newdn algorithm. Tte PEM
tod in the Systen Identification Toolbox accepts both continuousdadscret time representatin o
MIMO parametric systa matrices. h aur work, we chog the continuous-tire template becaus it is
more intuitive. One the problam is cast into th framewok of the PEM tool, we can start solvig the

minimization problem.
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Figure 2.12 Sam flight data for syste identification d Ursa Magna 2

It should k& noted thé this mehod is extremely sensitevto the initial guess of th parameters.
It is also easily trapped in local minima oktharameter hypersurfaceoTbtain meaningful results
and nd sone parameter gethat blindly matches thtime history whik avoiding thee weaknesses,
the following techniqee is devised. First, #nangulardynamics, which a& augmented with #arotor

dynamics, is identified using an initial guess. ®itlee angula rate/rotordynamics ae known to ke
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stabk and oy a smdl number of parameters eainvdved, the numerical solutin conwerges to

consistent solutions. Thenetthorizontal dynamics, i.e., th longtudinal and lateral dynamic with

linear velocity termsu and v are identified while the parameters for angulatynamics ae fioxe This

stage is rather challengg die to the unstabé linear velociy dymamics. A shorter lendt o

experimental data shoulcelused to avoid #instahlity of the predictor ad the divergene of the

predicton error with a smlh mismatt o the initial condtion and the parameters. Tésolution is

found after a lar@ number of iterations usj the experimental data fra differert time intervals.

Separag from the longtudinal and lateral dynamics, tle heawe and yaw dynamics is identified in a

similar manner. Té inherent stallity of yaw and heaw allows a nie conwergene of thee

parameters. Omcthes® two subsystems aridentified, they a& combined to fam the full-model

dynamics. Then th cross-couphig terms ae estimated. Finally, a smlanumber of iterations ar

performed to recalibrathe parameters in #hsubsystems. This procedus ill ustrated in Figue2.13.

Influence of
@ velocity to the

attitude dynamics
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dynamics on vertical @ Order of identification using PEM

and yaw

Figure 2.13 The procedue of systen identification using PEM

Figure 2.14 shows th original systen respone and the predicted systa respone of the

identified model. V& can dosene that the roll and pitch rae shav superb matchig becaus of the

explicit servorotor model. Tehangk shows mosy good matching, but it deviates fnothe original

respone in sone intervals becauwsof the norinearity and the slightly mismatched tn angles. Tk
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vertical model shows rather poor matahin sorre intervals becauesthe actual verticadynamics is a
very complicated combinath d the engine, tle transient lift, ad the cross-couptig with the roll,
pitch and yaw. A higher-order model mayebused to account for ¢htransient behavior of &nlift

dynamics. In tle following, theidentified systen matrices for Ursa Magna 2eshown.

-0.12% 0 0 0 0 g -g 0 0 0 0 O
Ho 0424 0 0g 0 0 9 0 0 o g
0-0.1677 0.080 0 0 0 0 36709 161.109 0 0 o O
Ero.oszs -0.0518 0 0 0 0O 63578 -19.493 O 0 0 S
B 0 0 1 0 0 O 0 0 0 0 0 B
A_B 8 g 8 —11 8 8 —324% 080287 8 8 8 5(2'75)
0 - - 0
O o 0 -1 0 0 0 0361l -344% 0 0 0 O
B 0 0 0 0 0 O 0 9.640L -0.758 84231 0 B
B 0 0 -133® 0 0 O 0 0 0.0566 -5.51(6 —44.873%
g 0 0 0 0 0 O 0 0 0 1.815% -11.02DF
o o 0 0 0 C
0o 0 0 o E
g o 0 0 0o C
B 0 0 0 0 E
B 0 0 0 0 E
B=0O O 0 0 0 € (2.76)
Hos4r 2823 0 o E
02409 -0351 O 0 C
B 0 0 70.504 0 E
B 0 0 23.626 44.873LE
§ O 0 0 0 E
Table 2-2 Eigenvalues of #identified helicopter system
Mode Value Damping Frequency (rad/s)
Phugoid 1 -0.5262:0.0755j 0.990 0.532
Phugoid 2 0.2458:0.0279; -0.994 0.247
Roll -1.5725:12.2567j 0.127 12.4
Pitch -1.8659:8.2757] 0.220 8.48
Yaw -8.2845:8.5845; 0.694 11.9
Heave -0.7223 1 0.722
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Figure 2.14 (‘cont)

The d@genvalues of thidentified model a listed in Tabk 2-2.The linearized systa model has
stabk dgenvalues except for gnlone pair of complex conjugatin right half plane, which renders
the whole helicopter dynamics unstable. This unstabinoce is the coupled motin in u and v
channels ad it shows almost pardivergene becaus time constant is very lam(25 seonds). Tre
responses inllaother channels arstable. Tl roll and pitch responses amweakly damped ad their
time constants ar about 0.51 ad 0.74 seond respectively. Té rotor dynamics is essentially
symmetric and the differencebetween them is generated by éhdifferent values of thmass moment
of inertia in tkeroll and the pitch axis.

The yaw respone is moderatgl damped ad the respons is fast. This well-tuned respanis
due to the built-in yaw rate dampihg gyo system. Tl heae respons shows pue convergene in the

first-order quasi-static modehd the time constant is about 8.7 s#whk. This is anticipated by eh
experiene in manual control of R-50.



Chapter 3

Hardware, Software, andVenhicle

Integration

Ore of the main gals of tle Berkeley UAV research effort isot develop ad establish a
comprehensie and practical metoddogy to desgn and implement multipt number of RJIAVs
equipped with a reliablhigh-accuracy autopilot. @ demonstrag this idea, ve neal to integrag the
vehicke platform with the proper hardwar and softwale so tha the vehicle can perfom the desired
aubnamous maneuvers. Ehntegraton process is roatrivial in evey detal becaus there are many
limits and unforegen interactions when individual component® astalled ad conrected together
mechanically ad electronically. Inded, an RJAV is a very tightly integrated embedded electro-
mechanical system: ewyeprboard component has an impactthe mechanical aspextiich as mass,
rotationd inertia, ad the center of gravity shift of # overdl vehicle. In electronic aspects,
electromagnetic interfereaenay be a problen for sensitie devices saich as th GPS ad the digital
compass. Tésmall-siz radio-controllel helicopters hag very limited payload ad mounting spaces,
and hene we do nd hawe the luxury to appy high-grac protectbn materials ad mountings m arder
to isolak problems. In may cases, w are forced to provié minimal protecibn against vibration,
heat, ad EMI.

The operaton d the helicopter platfom is hazardous. Téhhigh-speal rotor blades pes
significant potential threaten gound crew, any aher peopt in the area, ad buildings or ay
properties nearby becauthe main and tail rotor blades rotatat ver high speads. Moreover, unli&
other experimental testbeds that &ypically operated in isolatedna stabk indoa environments,

RUAVs operag in a hostié ewironment. Another demandj factor is that experimental BAVs
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require a vel high level of relialility, which is only possilel from higher standards of engia@ing
and craftsmanship. Hence, utmost eahould & eercised in th design, construain and goeraton
of the vehicle to ensue eceptional reliahity and robustness to shock, vibrationghitemperature,
dust, etc. In th Berkeley RJAV research, every effort hagdn maak to reach an extremelhigh
level of reliability of the onboard avionics. In thisection, we presen the detailed informatin d the

airframe, tle hardware, ad the softwale of the Berkeley RJAVs.

3.1 Vehicle Platfom

We hawe adopted four different sizes of model helicopters thasethe payload ad missbn
requirements: Kyds Concept 60SR Il, Bergen Industrial Twin, Yamaha R-80 Y\amaha RMAX.
All of the® helicopters haw orne main rotor/oe tail rotor configurathn and shae very similar
dynamics becauwsof the common usag@ of the Bell-Hill er staliizer system. Therefore, it is possibl
to develop a&d apply a set of aomon techndogies for dl airframes. Detailed informatn about
mechanical specificationsyd orboard components is given in

Table 3-1. Other than theselicopters, another 60-class helicopter, Kyo€aliber 60, has
been tested as a potential platiorfor RUAV application. This rather expensihelicopter model
features a high-stiffness alumimubody construction, high-accuracy all-metiankage control and
other luxurious options that ersuitabe for a highly maneuverabl RUAV system. Currently,

preliminary analysis of tfeasibli ty of the Caliber 60 as a futeiRUAV platformis underway.

3.1.1Ursa Minor SeriesKyosho Concept 60

Concept 60SRI from Kyosho Industry, Japan is a hobby-purpaadio-controlle helicopter.
The main fuselag is constructed with stdy ABS composie body a high stiffness-graphé plates.
The modé is powered by a 0.60 cubic-lmgjow plug engine, whie generates 2.2 hp at 16,000 rpm.
BEAR tean has acquired tlee Concept 60 series helicopters, two Concept 60SRdlae Concept
60SR-Il Graphit for RUAV development. Currently two Concept modelse &BS body and ore
graphie body, are implemented as BAV platform and the first Concept 60 has retireché nav
serves as thtraining vehicle.

This helicopter consists of a fuselage, a main rotoril &dam/tal rotor assembly, rad landing

gear. Tle Bell-Hiller stalfiizer system, often calleflybar by haobyists, is factory-turge on the
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conservatie side for beginners. Té glow engire is mounted upside-down b&lothe transmissin
ca® for compact degh and can orly be accessed fim the bottom, left, or behind. This prohibits
mounthg any avionic systems in thesareas Bad leaves this vehiel less attractig for tight
component installation. Enhengine is garted by first preheatg the glow plug with a low-voltag
high-current battery (typically 1.5V, 1500mAhcthen crankig the engine by applyng a DC-motor
starter to th aluminum core screwed to th end d the engine crankshaft.

The Concept series helicopters lafive servomotor systems (goronly called servo3 to
control the main rotor collectie pitch, the longtudinal cyclic pitch, tle lateral cyclic pitch, th tail
collective pitch and the engire throttle. Eab o these control surfaces is controlledybonre
independent servo. Such a control gystiesgn is draightforward, unlike other helicopters, whes
swashplates ar actuated by a simultaneous mooti  three servos to achiev main rotor
collective/cyclic pitch. In addition, thsimple control schem of the Kyosho Concept 60 makes it
possibé to switch tke control canmand sour@ between the human pilot ad the onboard automatic
control channel by channel. Tail colleaigontrd is originally performed by a sary systen nounted
on the fusela@ with a long and flexing control 1od that yields undesirablhysteresisA custan tail
servo control mountig is machined to attach ghsewo close to the tail collective pitch linkage,
resultng in a control actin that is fiee from hysteresis. Sirethe vehicle has to carry an additional
payload, which was not intended byetmanufacturer, FRP main rotor blades, oversizad a
reinforced td rotor blades, metal rotor grip, a lightweight emgaooling fan and shock-resistare
aftermarket landig gear ae used to enhamthe overdl reliakili ty of the vehicke platform.

Ore of the arliest experiments to checketlpayloal o the helicopter with tle original
configuratbn was performed in tle spring d 1996. We validated thathe Kyosho Concept 60 could
lift 5 kg within the ground effect regon (Figure 3.1). It shoud have been realized that, however,eh
helicopter can lif the 200% of its nominal payload (measdrautsice of ground effect region) when
it is very clo® to ground [39]. Later on, it becamobvious that acquing a building Hgh payload
vehicke platform is the major challeng of the project. To owercone this payload barrier, a mer
powerful glaw engine, G FX91, which generates 2.8 hp output at 15,000 rpm, wasdeastdJrsa
Minor 2 and 3 in April, 1999. This test showed that it could carry acceptadnyload by flyng well
beyond the ground effect with 5kg o avionics. One the payload problm was lved, tle project
began to eehuge progress in conjunatin with the maturig identification and control techniques.

The avionics is integrated with ¢hvehicle using custan nounting parts. Tle flight computer
system, which consists of a dtaaf five or six PC104 cards, is housed in custrafted aluminm
enclosue and mounta on the left side of the vehicle using four aluminun nounting tubes ad

vibration-absorlsig gommets. Ttke communicaton devices ad the GPS card ar mountel on the
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right sice of the vehicle in a similar mannemi arder to maintain balance. In later implementatior, th
GPS card is relocadeonthe tail boom. Tk INS is mountd onthe nose of helicopter daly using a
special vibratn isolatihg mounting. Tle GPS antenna is mouuten the tail boan where the GPS

signd is received with less blocking.

Ursa Minor 1 and Ursa Minor 2served a crucial relof paving the way to build successful
RUAVSs, such adJrsa Minor 3 and Ursa Magna 2 Valuabe knowledge and experiene about
hardwae integraton with an airfrane ware gainal during the constructdbn and flight tests ofUrsa
Minor 1 and 2. A number of different configurations veeimplemented ad testel onUrsa Minor 1
and Ursa Minor 2 (Figue 3.3). In tte first configuration, Ursa Minor 2 was equipped with Systron-
Donrer MotionPak as #IMU. The GPS antenna is mounted right abéhe IMU to minimize the
error fram the lever am compensation. Téflight computer is housed in 86"x4.5” aluminun case,
which is mountd ona custon aluminum nmounting. It is also equipped with a spédendng gear to
protec the vehicle from shock landings. Téamajor problen of the first configuraton is the excessie
weight for tle 60-class engine. In ¢hseond configuration, tle weight reducton was tte primary
objective. Tle custon aluminum mounting was replaced with light aluminu tubing. The original
landing gear was restored to reduthe weight further. Tl original 60-class engiwas replaced
with the more powerful 90-class engine. With thesmprovements, Ursa Minor 2 was finally alb
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fly beyond the ground effect region. Urit the se@nd \ersion, tle IMU was mountd ona plastic part
that 5 upported in a cantilever configuration, which is vulnegabl the vertical vibration. In tk

third configuration, ta IMU was directly mountt on the fuselag@ to improw the vibration

characteristics. On Ursa Minor 2 etfirst attituce controller designed by-synthesis was fitsested
in March 1999 bu the result was not successful @lto insufficientknowledge of the systen model

and the defective implementatbn o the controller.

The airframe for Ursa Minor 3 (Kyosho Concept 60 Graphite) was purchased in October 1998
and later fully implemented as ¢hprimary testbed for #hdevelopment of th basic autnamous
navigaton system. For this purpose, BogiDQI-NP INS, NovAtel MllenRT-2 GPS, a PC104 flight
computer, ad wireless modems werinstalled during the first quarter of 1999. Badeon the
knowledce and experiences gained frobuilding and goerating Ursa Minor 1 ad 2, the Ursa Minor 3
was designedral integrated. Ursa Minor Bas leen used as a valuabtestbed for prototypig the
flight systen design: a multi-loop classical SISO position/velocity/atttuzbntroller has e

designed ad testa@ onthis vehick successfully.

Figure 3.2 Ursa Minor 1 configured as a trainer
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(c) August 1999
Figure 3.3 Ursa Minor 2n dfferent configurations
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3.1.2Ursa Major SeriesBergen Industrial Twin

The Bergen Industrial Twin is essentially a heavily modified 60-class helicopter powered by

two 2-cyck gasolire engines. Two identical engineseaattached together thrgha custon crankcae

to genera¢ massie horsepower. Tévehicle has @& owersized main rotor for additional payload.eTh
tailboan is ggnificantly ebngated to compensathe increased anti-toreuof the main rotor. This
mutatel helicopter can &the answer to te demands for higher payldaelicopters at an affordadl
price. The payload d the Bergen helicopter isknown to ke arond 10 kg, which $ sufficient to carry
the basic navigatin systen as wd as ome additional sensar sich as a camarand ultrasonic
sensorsd nanme a few. However, thload factoron the main rotor shaft iad the control linkages is
expected to &dangerousi high becaus the shafts ad linkages ae originally designed for 60 class
helicopters weiglnig 5-6 kg at most whig typical RUAV baseé on Bergen would weight aroal 15-
20kg. Nonetheless, a number of successfulAR implementations havbeen reported. For our
research, w find Bergen helicopters as a reasonalplatform for vision-based ship deck landi
experiments becaedhe host vehick offers enogh payload to carry a vieh processig computer
and a camea & well as tb flight control computer. For this application, a special shock-abgprbi

landing gear is employed as shown in Fig®:5.




3.1.3 Ursa Magna Series-Y@maha R-50

Yamaha R-50 was originglldeveloped in Japan as an efficient alterreafior pesticic
sprayng in rice fields. Reflectng this design concept, ehhelicopter features rugged construction,
simple operation, ad easier control characteristics. It has high-cleagaskid-type landing gear to
allow the mounthg d chemical dispensg pumps. Ths Pace is ideal for mountig aur custen
onboard avionics. ThR-50 is powered by a water-cooled, singylinder, 12-hp, 98 cc two-stek
gasolire engine The engire requires a special external ergstarter. Tle engine is very reliabé and
it is powerful enoghto carry 20kg o payload. Thanks to #ampk payload, it serves as a platior
for very extensig and versatie RUAV applications.

The control systen consists b five servomotors: thee for the actuaton d the main rotor
collective/cyclic pitches, anfor the tail rotor collective pitch, aml ore for the engine throttle control.
Unlike Kyosho, tle swashplat is actuated by a coordinated nootid three servos, i.e., left, right,
and back straight servos. €main rotor collectie and cyclic pitch control obeys hfollowing

relationship with tk sevo action and the obtained pitches:

Collective pitch = (L s + Lpgs)/2
Longitudind cyclic picth = Lygs = (L s * Lrss )/2 (3.1)
Laterd cyclic pitch = (L s ~ Lrss)/2
where
LSS: Left straight servo
RSS: Right straight servo
BSS: Back straight servo

Tail servc

i Engine
| throttle servc

o

- i s . L\
® : S » | Battery
Figure 3.6 The servomotor configuratin for swashplatactuaton d Yamaha R-50
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The onboard servos amlso controlled by PW signals. The control signais intercepted at ¢h
bypass onrector and fed throwgh the custam control circuit. Special cars taken to build the custo
circuit, wire harness, rad conrectors © guaranee reliable operaton ower time. Tk R-50 is also
equipped with a Bell-H er staliizer mechanim to introdue@ dampng and aeldyramic servaig
action. Hence, thdynamics is expected talsimilar 1o ather small-sie helicopters.

Another advanced feawirof the R-50 is tle custan Stahlity Augmentaibn Systen (SAS)
calledYACS (Yamaha Attitue Control System), located approximatetytiae center of gravit of the
helicopter lody. This s/stem was originaly developed to aid inexperienced pilots, typically farmers,
to fly the vehicle with greater ease. BhYACS for tke R-50 is designed asamptional adden unit,
which is plugged betam the receiver adthe servos throgh a bypass anrector.

In appearance, ¢hiYACS is a compact aluminualloy box mountd onfour vibration-isolators
filled with synthetic shock-absonigi gel. The YACS contains thae accelerometersna three fiber-
optic gyroscopes for inertial measuremems a microcomputer for sensor processand control.
The YACS superimposes dlstabli zing command d attitude fealbadk over tre pilot's canmand.
This compensatn stallizes tke attitude dynamics, which is marginally stable. &lacceleratin
measurements in éhx, y, and z axis directions also fed back to introduarther dampig in each
channel ad also to functin as automatically tuned trim. €lattituce angles in throll and pitch axis
are estimated by thinertial measurements. Sathe YACS is not aided byrg external sensors such
as GPS, th accurag of the translational velocity id position estimaton degrades quickly as a
function d time in an unbounded manner @lto the sensor biasral dift. This makes it impossibl
for the YACS to £al back tle velocity to fully stabiliz the vehicle dynamics. Instead, it useseth
acceleratn fealback to minimie the deviaton d the acceleratn in al three axes. Attitu@
estimates divemyrelatively slower tha velocity and position estimates do,ral henee it is acceptald
to introdu@ attitude feadback for short-ten flight. This clever degin achieves a self-containedich
effective SAS for most missions. AdditionallyyACS provides a self-dipcstic capablity that
monitors the radio signal strength, éintegrity of the sevo control signal, th engine stdl and aher
vital informaton for sak operaton d the vehicle. Tle YACS can b disengaged, if desired, by a
togde switch on the ground pilot’s radio transmitter. Obviously, ¢hYACS does not provelfull
autopilot capattity and we chos to bypass itn aur research to avoid artificiadynamic behavior
introduced by taYACS.
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Figure 3.8 Blod diagram of control signal flav in Yamaha R-50
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3.1.4 Ursa Maxma Series-Yanaha RMAX

Yamaha RMAX is thk successor of Yamaha R-50. It has an improwty bonstruction, a ne
and more powerful engie for more payload, a built-in engmstarter, an alternatond a moe tightly
integrated avionge g/stem. Tle structue of the airfrane is completely redesigned to acmmodat
the new horizontalyy opposed two-cylinder two-strekgasolire engine with 21 hp output. Thanks to
the more powerful engine, thvehicle is capald of carryng 30 kg o payload as we as its own
weight of 58kg. This ne engire is garted by tle built-in engire starter wih ore press of a butin on
the control panel. Th engine runs tke built-in alternator to power ghonboard avionis g/stem. Tle
receiver battery used fordhR-50 is replaced by a dh capacity 1¥ lead-acid battery. Tehstock
alternator can éreplaced with a higher-capacity cust@lternator so that it can proeidmough
electricity to power our cushoavionic systm as wdl as tke built-in Yamaha avionics.

The YACS becama standard featarof the integrated radio-controlled systefor the RMAX
(Figure 3.9). The functionality of the YACS remains very similar to that ofetR-50. In the systen
configuration, however, it is tightly integrated inta@ ttnboard radio receivergeddback control, ad
senvo driver systen and it canna be disconrected electronically as was possiblith the R-50. Sil,
however, tle YACS for the RMAX can be disengaged with a phsdf a butbn onthe transmitter in
similar manner to #R-50. TheYACS is nav mounted in th avionics compartment located ireth
lower part of tle main kody. The enginees at Yamah added a custo serial port for mae
convenient interfagig with our autopilot system. Tehserial port has te/ cutput channels ral ore
input channel. Om serial output onweys tke information abou the stick conmand d the ground
pilot. The other serial output containsetbn-duy duration d PWM signals gong ait to the onboard

servos as Weas me part of the vehicke statis sich as a fuel warng and certain important switch
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positionson the radio transmitter of # ground pilot. Custan sewvo control can b performed by
pushihg a pushbutin onthe transmitter ad then writihg a certam value in the predefined structer
for the outgong strean of serial port. Usig serial conmunicaton for sevo actuaton eliminates
sources of malfunctian suich as exposed PW signd lines, custm circuits, wire harness md
conrectors. It should énoted, however, thahe serial conmunicaton introduces a significartime
delay of approximately 14ms, which is 70% ofetsamplihg time (20ms), when senalj and receiving
a data packet with ehYACS, respectively. Thi substantial amount of phagdelay may caues

degradatin o control performaneandimposes a limibn the closed-loop bandwidth.

(b) YACS processor enclosawith speci&interfae conrector
Figure 3.9 YACS syste for Yamaha RMAX
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The rotor head features rigid bladyrippers with a pre-built fixed camy angle. Whié the
lengh o the blades is almost sanwith the R-50, probably to retain transporiiaty, the width is
significantly increasedot generaé more lift. This yields a higher disc loading. Other than this
modification to mee the higher payload rating, élinkage and control mechani® is almost identical
to that of tke R-50.

The ampk payload ad dher useful featusesich as tk built-in starter ad orboard alternator,
allow the building d an RJAV capabé of fully automatic operadin for an extensig amount of time.
The current plan is to build BHRMAX to be able to stat the operation with an automatic engistart
and carty out the given missbn ower a bnger perod d time with a high-capacity fuel tank. €h
RUAV will beableto land, stop th engine automatically, ad then resurathe operation.

Figure 3.12 shows tteeBerkeley RJAV's constructe during the lag two years.Ursa Maxima
2 will soon undego a series of test flight for onboard systeeliahility, systen identification, ad

controller design.
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Figure 3.11Ursa Maxima 2basel onYamaha RMAX industrial helicopter
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Table 3-1 Specifications of BerkeleyUR\V platform

Ursa Minor 3 Ursa Major Ursa Magna Ursa Maxima
Kyosho Concep | Bergen Industrig
60SR I Twin Yamaha R-50 Yamaha RMAX
Length 1.4m 1.5m 3.58m 3.63m
Width 0.47m 0.3m 0.7m 0.72m
Height 0.39m 0.7m 1.08m 1.08m
Rotor diameter 1.5m 1.778m 3.070m 3.115m
Dryweight 4.5kg 7kg 44kg 58kg
Weight Payload <5kg 10kg 20kg 30kg
Avionics 4.8kg N/A 10kg 15kg
, Water-cooled Water-cooled
Type G(I)jmlzeﬁ-?rfe azvg;ir:]fggoim 2 stroke 1 cylinder | 2 stroke 2 cylinder
Engine g g g gasoline engine gasoline engine
Displacemernt 14.9cc 98cc 256¢cc
Power 2.8ps 12ps 21ps
Dual computer
; Cyrix Intel system (AMD)
Flight computer |10 jiaGX233MH N/A Pentium 233MHz | Primary: K6-400
Secondary: K6-400
) Boeing DQI-NP Boeing DQI-NP
o Boeing DQI-NP NovAtel MillenRT-2 | NovAtel GPS
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Wireless Lucent Orinoo N/A Lucent Orinoco Broze card+EC/S
Communication Broze card+EC/S Broze card+EC/S | Dynamic IP Route
(Cyrix MediaGX)
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- Frame grabber 266MHz
Vision System N/A N/A Sory Camera with | Stereo camera with
Pan/Tilt/Zoom Pan/Tilt/Verge
Dual power systa
P | Two Li-lon N/A Two Li-lon Onboard alternator
OWErSUPPY 1 10.8v 3600mAh 10.8V 3600mAh +Four Li-lon
10.8V 3600mAh
Operation | Airframe 20 min N/A 30 min 60 min
Time Avionics 60 min N/A 60 min 60+ min
. Advanced autopilo
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Application Basic autopilot Ship-deck | Pursuit-evasion game\P/w.SUIt evasion gael
development X - . ision-based landig
landing Vision-based landing

OCP testbed

Dynamic network
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Figure 3.12 Fully equipped BAV fled at UC Berkeley
(left to right: Ursa Magna 2, Ursa Minor3 , Ursa Maxima 2

3.2 Navigation and Control Systen

The Flight Control Systen (FCS) is tle onboard componérthat is responsiblfor the overdl
vehiclke managementaslks sich as vehid guidance, control rad communication The main tag of
the flight computer is, as oegut very eloquently, to 1) aviate, 2) navigated 8) canmunicate. In
other words, th vehicle should & able to sustain its flight by proper stiization and control of the
vehicke dynamics ad then should & guided abng the desired waypointsral trajectories. Finally, &
vehicke should conmunicae with the ground monitoring staton and aher aerial or ground-based
agents if presentear required. Hence, ¢hflight computer should 1) managhe sensor system, 2)
stahili ze and control tte host vehiak at a lav or high-level, ad 3) canmunicat with aher agents of
the entire UAV systen including the ground station. Anong the many aspects of thoperation of th
flight computer, tk realtime performane is ore of the most important parts In the following, a

detailal descripton o theflight control systeis given at th component level.
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3.2.1 Flight Canputer Systanm

The flight computers used in this researck BC-compatibles in hhPC104 standard. Althgh
PC compatibles wernot designed for a realtercontrol tasks, they can achéea decent realtim
performane when combined with realtietiming circuitry and a meticulos s<hedulng algorithm. A
flight computer typically consists of elf€PU board ad aher peripheral boasdsich as RS-232/422
communicaton board, Ethernet board, PWM genepatboard, DC-DC power supplynd so on In
this research, thPC boards complgg with the PC104 industrial standardeachos@ due to their
higher level of reliallity and robustness thmnamal desktp boards, their wid variety of supporting
functions, ad their availaldity. The PC104 features a 3.563.775" footprint circuit board that has
the ISA bus or sometimes with ¢iPCl bus of tk Intel x86 based PCs (thsysten with PCI bus is
called PC104lus) The only difference is the sha of the ISA bus onrector. Tle boards as
interomnrected throgh the PC104 b, which is almost identical to AS bus with a different
conrector 0f104 pns (hene the name) The CPU board is expandedylother peripheral boardsd
forms a stack @ dhown in Figue 3.13. This configuratin accomplishes mer ruggedness ral

reliakility than tke standard motherboard-daughterboard configoindtiund in desktop computers.

Figure 3.13. PC 104 stack (flight computer for Ursa Minor 3)



In this research, slightl different combinations of PC104 cardsearsed for each BAV
dependiag ontheir payload ad application. Moe powerful CPUs ar usualy desired for improved
realtime performane and future expandality. For the Kyosho Concept series helicopters, wadhe
payload is tk most limiting factor in the design, smaller QP boards a& preferred In the beginnng
of the research back in 1996, a 586 CRinnng at 133MHz was adopted fore¢k/rsa Minor 1 Later
it is replaced with a Pentiu 233MHz becaus the 586 tpard coull nd hande the realtime
computationhload o the INS/GPS integratin algorithm. Tte Pentium board used in this research is
in the 8"x6" “Littleboard” format, which is in fact largema heavier than a normal PC104 boardia
offers moe onboard peripheralaich as four serial ports, SCSI, dual IDE, a video adaptéraa
10BaseT Ethernet port. Fairsa Minor 3 a standard PC104 ©Pboard with a Cyrix MediaGX
233MHz is used becaesf its smaller sie and improved speal owver the early 586 CPU.

For Ursa Magna 2 whos payload is not a limitig factor at all, a heaviernd more powerful
Littleboard fran Ampro is used again becauBentiun offers the fastest floating-point computation.
For Ursa Maxinma 2, more ambitious configuratin d multiple flight computers for advanced flight
contrd is lad aut. Two AMD K6-400MHz CRJ boards calledPantherboard" in standard PC104
format ae used becawstheir smaller footprint enables a mulBpgCPU configuraton in a slightly
larger encloswrthan that of R50. TdPanther board shows exeautispead comparald with that of
Pentium 233MHz. Becausthe floating point unit of AMD K6-400 isknown to ke slower than that of
the Pentiun running at the sane clock speal. The latest AMD board consists of two BQ4 koards
featurng many useful peripheral ports includj solid-stae disk (SSD) support, two serial ports, two
USB ports, oa10BaseT Ethernet porhd ore IDE interface.

Table 3-2 shows that tiflight computer systems for different helicopters dnmany peripheral
boards in common. The main dfference comes fron the configuraton d the base CPU board. For
Ursa Minor 3and Ursa Magna 2 the counter/timer cardral custan take-over boards accommonly
used for PW signal reading and generation. Serial port expanderse aommonly used by th
configurations becaesnany navigaton sensors ammunicae via serial port.

The flight computer reals had drive or sone other equivalent mass-stoeagdevice for booting
and running an operatig system. Solid-statdevices ag preferred for theirobustness against seger
vibration. The DiskOnChip™ by M-Systems is a flash RAM deviand is aiitable for this type of
operational environment. Theyeausal on the MediaGX board ad the Panther™ AMD boards.
Ampro Littleboardsdo nd support DiskOnChip currentlynd the PCMCIA FlashDisk card is used

instead throgh a special adapter card.

! Versalogic Inc. (http:ww.versalogic.com)
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Table 3-2 Specificathn o FCS

Ursa Minor3

Kyosho Concept 60

Ursa Magna2
Yamaha R-50

Ursa Maxima2
Yamaha RMAX

CPU board

(Realtime Devices USA)
- Cyrix MediaGX233MHz
- VGA

- 2 serial ports

- DiskOnChip 40MB

Multi-functional CRJ board
(Ampro Littleboard)

- Intel Pentium 233MHz

- VGA

- 4 serial ports

- 10 BaseT Ethernet port
- SCslI

Primary Flight Computer
Multi-functional CRJ board
(VersalLogic Patherboard)
- AMD K6-400

- VGA

- DiskOnChip 85MB

- 10/100 BaseT Ethernet

Take-over board - Dual IDE - 2 serial ports
Flight Counter/Timer board 4-Serial port expander
Control 4-Serial port expander Take-over board Counter/Timer board
System DC/DC converter Counter/Timer board A/D conversion board
Ethernet 10BaseT card 4-Serial port expander DC/DC converter
DC/DC-convert-er Secondary Flight Computer
FlashDisk Carrier Multi-functional CRJ board
Disk 72MB
(SanDis ) (same aslaowe)
Hard drive carrier card (6GB)
PCMCIA interface @ard
DC/DC converter
PFC: QNX
0S QNX QNX .
SFC: MS-Windows 98
INS (Boeing DQI-NP) INS (Boeing DQI-NP) INS (Boeing DQI-NP)
Nav GPS (NovAtel MillenRT-2) GPS (NovAtel MillenRT-2) GPS (NovAtel MillenRT-2)
Sensors Ultrasonic sensor (x2) Digital Compass

Ground contact switch (x4)

Ground contact switch (x4)

Height sensor (Ultra or Laser)
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Figure 3.14 Interonrection dagram of onboard flight computer basenPCl local bus
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In Figure 3.14, thinterconrection dagram of the onboard flight computer a@naher sensors is
shown. Serial port comunicatbn constitutes tb backbome of inter-devie conrection. In this
research, RS-232, which ssdngle-ended transmission/receptilines and supplementary control
lines, is universally used insttaf RS-422, which uses differential voleagignd lines. Al flight
computers a& auipped with a 4-port serial port expamsiboard so as to aceorodat the
demandd number of serial ports. In ¢thardwae as wdl as tle softwae aspect, it is very important
to understad haw the serial canmunicaton works. Sine the data is decodednd transferred as a
stream of bits accompanied by a start bit, stop bit{®) im sone cases parity bits, it takesriger than
parallel ports to transfer élsane amount of data. Also, #transmissn time for 1 hit is limited by
1/115200 saand that is bnger thax aher protocad sich as USB (Universal Serial Bus) or Ethernet,
and henee the overdl communicatbn time causes delay whicdegrades realtimperformance. Té

actual realtire performane measured itUrsa Magna 2will be given in Sectin 3.5.

3.2.2 Navigation Sensors

To mavigat following a given trajectory whil stahlizing the vehicle, tle information about
vehicke position, velocity, attitude, ral angula rates should ke known to tre guidane and control
system. Th RUAVs ae auipped with a number of complementamavigaton sensors d dbtain
accurag information abou the motion d the vehicle in associatin with environmenthinformation,
such as threlative distane to the ground surfa@ to ather objects near ¢vehicle.

The navigatdbn sensors can ébcategorized as (1) environment-independent senswis(2)
environment-dependent sensors.eTrmer includes INS rsd GPS, which compet the motion
estimates regardless ofethurrounding. Th latter includes ultrasonic sensors, tasme finders ad
vision sensors. Thessensors rgl on the surroundng djects, which reflecthe active probing signals
such as an ultrasonic wawgr laser beam, aon raturd lights to fom an ima@ onthe CCD receptors
of the camera. Thessensors ar necessarya determire the relative distane from the vehicle to its
surroundng djects or tle ground surfa@ for take-off/landing, clision avoidance or evasiv

maneuvers. Tdicharacteristics of thesensors areviewed in tle following sections.
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3.2.2.1 Inertial Navigation System

The inertial navigatn systen is the central part of th navigaton sensor systa of the
Berkeley RJAV system. Inertial navigath is a mehod which provides th motion estimats sich as
position, velocity ad attitude by processig the inertial quantitis snsed by inertlainstruments. An
INS consists of thee accelerometersna three gyroscopes which measuthe linear acceleratin and
angula rates. Thes are two types 6 INS: the mechanized-platforntype and the strap-downtype.
The former consists of a mechanizgimbal platform, which aligns itself consistentlyoat) the
referene inertial coordinad systen regardless of # ba® vehicle’s attitué change. Th
accelerometers amounta@ on this platform. Tle velocity in the inertial coordinad systen can ke
easily fond by integraton in each channel. Boverdl accurag of the sensor systa dependn the
alignment of tle instrument platform. Ténalignment requires a very pregisensig and actuaton d
the mechanism. Téastrap-down typ of INS uilizes thee accelerometersna three rate gyroscopes,
which ae installed in tle precie orthogoral x, y, and z direction. Tl inertial measurement unit is
mount@ on the vehicle without any actuation, ad kene the inertial quantities a measured in #h
body-coordinae system. Transformg the inertial estimates into ¢hspatial coordinates become® th
full responsibity of the inertial processig unit of the strap-down typ INS. This processivadves the
integraton d the accelerations measured irethody coordinae frame as wdl as tte transformain
into the spatial coordinates uxj the estimated Euler angles or other equivalentse dttitude angles
are estimated l numerically integratig the differential equations in equati (2.11) or (2.13). In

summary, treinertial estimates carelfound by the following equation:

'P szP
VT = Re_w (Cth2vQ3vQ4)Ab (3.2)
q="Yq

The euations in (3.2) & pure kinematical relationships whichdd true. However, thactual
numericad integraton is far less than ideal duo many error source such as bias, drift, scaljerror
of the inertial sensors, imperfect integi@tiby numerical algorithms rad so forth. Hence, equat
(3.2) should b augmented with alynamic error model to minimizthe deviaton d the solution as
time lapses. A the measurements of linear accelavatand angula rates a¢ contaminated Y nase,
scalng error, bias ad dift. Without proper calibratin and compensation, thinertial estimates

diverge very quickly. The® aror sources hava stochastic nature,nd hene the unit should le
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initialized every tine it is turnel on The best mdtod d initialization is to measue the accelerations
while kegping the unit stationary, in lh channels, \ad calibrat them by compamg the values with tie
gravitational force. Unfortunately, ¢hnoise characteristics of thessensors chamgafter tre
initialization. The bias swving, known asdrift, slowly changes over tiemas a funcon d many factors,
including the temperature. Therefore, high-accuracy INShnoh be built without the proper
initialization and continuous compensati d the drift. While initial roll and pitch angles cané
estimated approximately by commgi the inclination angles usig the measurements of ¢h
acceleratin caused by thgravitational force, thinitial headng is not observaklat dl by the inertial
measurements. Extednmformaton should k& provided fran such aids as heamdj sensors. This
process is called ¢halignment processThe calibraton and alignment processes cae performed
without leavihg the sensor unit stationary by mngjiaccura¢ eternal sensa such as GPS. If GPS is
used, tle sensor unit shoulddmoved arond so tha the inertial estimates carelcompared with GPS
andthen used for inertial sensor calibration.

The strap-down IMU is the main trand the® days. They ar particularly suitatd for small-siz
vehicle applications becaegshey ae more advantageous thandaimechanized-platfon INS in terms
of size and weight. Tte additional computatiohdoad for tke strap-down systa can ke easily taken
care of by today's powerful ad smdl microprocessors. In ¢hBerkeley RJAV research, & hawe
consistentlyused a strap-down IM for this reason. Most small-gistrap-down IMUs contain &
inertial sensors that amanufactured usg micromachinng and rene they ae very smdl and light.
Accelerometers arusually mae of solid-stae MEMS (Micro Electro-Mechanical Systems) nigi
pitchfork tetindogy. Fa rate gyroscopes, solid-setMEMS sensors or meraccura¢ (and
expensive) fiber-optic gyroscopes (FOG3 ased.

In the Berkeley RJAV research, except fordtbrief perbd during which a special typof INS
was investigated u®j six accelerometers, two types of indriiastruments havbee consistently
used. At first, MotionPak™ frm Systron-Ibnrer was used. MotionPak containsesaccelerometers
and three rate gyroscopes that output angl vdtages. It is th user’'s responsilbty to properly
calibrate, filter tle noise and compensat the bias as described above. Unfortunately Berkeley
UAV tean coud nd spend enowgh time and effort to develop ad implemen the proper
compensatin and alignment algorithm, r&d so we looked for an alternative. EhBoeing DQI-NP
(Digital Quartz IMU-Navigatbn Processor) offers fully integrateigital signal processors (D$Ror
the full set of inertial estimates of position, velocitpdattituce as wdl as tke raw sensor outputs of
accelerometersna rate gyroscopes. Inertial measurements asily acquired by reaaly the serial
port output in tk RS-232 or R$+22 potocol, which is user-selectable. Another attractdatue is
the GPS integratin capalility: DQI-NP accepts #hposition updae from GPS every s@nd and
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updates tainternal Kalman filter for loosely coupled INS/GPS compensation. It supports a limited
number of GPS modelsd unfortunately, tb GPS syste used n cur research, NovAtel MenRT-

2, is not arong than for now. Therefore, an emulati progran has to read 8@GPS output, cast it

into ore of the supported GPS messafgrmat, and feed it into the DQI-NP. Tte detailed informatn

about this progna will be discussed in Sectn 3.5

Figure 3.15 Inertidinstruments: Boag DQI-NP (left) Systron-DBnrer MotionPak™ (right)

Care should ke taken with tle mounting d DQI-NP. It isknown tha the inertial sensors ins&l
the DQI-NP sensor modelhas an excitabh frequeng of 100 Hz. Coincidently, taRPM of the tail
rotor of Ursa Minor 3 is arod 6000 RPM (=100Hz)n howr and it was discovered thathe
navigaton soluton d DQI-NP diverges frequently. This problewas lved by ttke special shock-
absorbing mounting for DQI-NP as shown in Figer3.16.

;'. ."ﬁ_'j_‘,‘_ - :

k-
A

Figure 3.16 Boeng INS DQI-NP installd onUrsa Minor3left) and Ursa MagnaZright)
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The DQI-NP operateson a DC power souks rangng between 20-34V. Tk Lithium-ion
batteries used for ouesearch arrated 10.8V and two batteries arput in seris 9 tha the overdl
voltage is high enowgh to power tle DQI-NP. The battery power sougdis $ared wih ather onboard
systens sich as th flight computer ad dher navigatin sensors. For Ursa Maxima helicopters th
input voltage for the avionics is fixed at 12 by the onboard lead-acid batternéda separaDC-DC
converter is used to escadghe 12V input to 24/ for DQI-NP.

3.2.2.2 Global Positioning System

NAVSTAR GPS is a space-based Hdeeradio navigaton systen developed by th United
States Department of Defense. GPS providesetlimensional positin and time with the deduced
estimates of velocityral reading. Tle GPS systa consists of thee major segments: Space, Control
and User. Tle spa@ segment consists of 24 dites in circular orbits 20,200nkaboe the Earth’s
surface, with a 12-hour orbital ped and an inclinaton angke of 55 degees. This configuratin
intends to providat least fie satdlites n view from any pointon Earth at ay time.

Each satéte continuously broadcasts radio signalsveo L-band frequencies: L1 at 1575.42
MHz and L2 at 1227.6 MHz. T@L1 frequency contains Preeisangng signal (P-code) modulated
by 10.23 MHz as wk as 1.023 MHz Coarse/Acquisiti Coce (C/A-code). Tle L2 frequency
contains P-caglonly, which used to ddedicated for ilitary GPS usonly. L2 frequency used tceb
degraded with an certain encryption, whideterrel norrauthorized users fro obtaining the utmost
accuracy fran the GPS. This proces&nown asSelective AvailabilitfS/A), wasknown to inject as
much error as 30m. It was finally eliminated in Wiaf 2000. h aur field experience, GPS accuracy
has leen significantly improved frm a standat deviation d 25mto 2.5 m. Tle navigaton dcata fran
each salttte contains time, clock correction, ephemeris parameters, almanac mhtaaith status.
Basal on this information, th user segment, i.e., ¢GPS receiver, computesethurrent positon d
each satéte. Actually, tke receiver computes ¢hdapsed tine of each signal ¢do travel tte distane
from the sour@ satdlite to the receiver antenna. Staning from the simple concept of triangular
survey, with tle additional unknonvn variabk for time drift of the internal clo& of the GPS receiver,
four measurements, i.e., at least four Iséeée ae required. Tl distane estimated in this manner is
called tle pseudorangelt earned its nambecaus it contains errors frm meny sources. This
process, relyig onthe NAVSTAR sat#ites only for positioning, iknown as Singt Positon Statbn

(SPS). Nav that SA has leen eliminated, pseudoramgj dfers improved accuracy.
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When two GPS systemseapperated in th sane vicinity, the overdl accurag of GPS can b
significantly improved by cancelyj the common errors of thos two systems. Gmreceiver, te
reference stationjs positioned at a precigeknovn locaton and computes tb pseudorang and
correcton information, ad broadcasts it via radio link. Elrover statbn computes its locain and
corrects it with tlb additional correctin information it gains fran the radio link. Ths <hene is
called dfferential GPS (DGPS). Significantly moaccurag position is estimated if tatwo receivers
are located within 50 ik with eat aher. It should b noted that precisknowledge of the position
coordinates of threferene staton drectly impacts throver’'s accuracy.

Further accuracy carelachieved with a mbbd knavn as tle carrier-phasealgorithm. In this
approach, threceiver monitors thnumber of wavelengths ththe radio signal has to travel fmothe
satdlite to the antenna. Té L1 frequeng has a wavelengtdf 19 an and the L2 is 24 cm. Tk
distane divided by tle wavelength W be the sum of an integer ad a fractional component.
Determinng the integer portdn is not straightforward rad rene it is calledambiguity A GPS can
improwe the accuracy significantly byobking for the integer ugig the lane search probla on both
L1 and L2 frequencies. When it is locked inetharrow-lane solutionthe accurag of the baseline,
the vector fran the referene statbnto therover station, candmas accuraas 1~2 cm.

The global positiorg systen (GPS) used in this research i thovAtel MillenRT-2, which
achieves this remarkabhccurag of 2cm through the use of DGPS ad a carrier-phas algorithm.
The NovAtel GPS provides posith estimates at up to 10 Hz. &¢onfigured tle receiver b generag
the position log at 4 Hz. Tl flight control computer acquireselposition, linear/angular velocitynd
attitude from the DQI-NP, and hHgh accuracy positin estimates frm the NovAtel RT-2 via RS-232.
It also relays tl conwverted positin estimaé messag packet fron the GPS to tie DQI-NP every
seond

The actual operatin d GPS takes cauth and sometimes candwery frustrating. Our research
used tle NovAtel MillenRT-2, which requires a coaaf minutes to lock itself onto &narrow lane
solution The necessary timfor the lock-up dependsn many factors sich as tb number of satktes
in the sky view, the devation angk of the satdlites, ad the ambient radio actiwt near tle L1 and L2
frequencies and so forth. Dang experiments, #tnGPS often causes troedbecaus it is not abé to
sequene into the narrow-lare solution in a reasonabltime. Theoretically, thfloating-point solutbn
can sill be used as thposition estimates. Téonly problen is tha the position estimates havsudden
jumps whenever thsolution type changes. This may caaandesirald transient behavior in &iNS,
and if the loop is closed, tcontrol systm would reat to this sudden jump ad produe large jump

in the control output. Therefore, fail-safety codishould te progranmed for guararad gperation.
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For operation, taGPS anterm and the process card alinstalled onthe host vehicle. With this
setup alone, 9/GPS operates as a siagbsitionng systen (SPS). To exploit thDGPS capaibty, a
ba® staton that consists of a GPS receiver, an antennd,aaradio broadcastij systen such as

wireless mode or wireless LAN is set up.

Figure 3.17 NovAtel GPS Card (leftnd L1/L2 antenna instaltbon R-50 (right)

3.2.2.3 INS/GPS Combination

The INS alore has an unavoidableror in its integrated soluin that grows unbounded as #m
lapses. Hence, INS must I periodically corrected by external aids.effavored médtod navadays
is correctdn with the GPS, which provides estimati information with bounded error Iathe time.
The shortcomng d the GPS is that it only provides dlposition estimae at relatively slowe rate.

Becaus of their complementgrnature, tle INS/GPS systm offers very attractigfeatures:

» Theoverdl accuracy improves considerably than INS or GPS alone.

» It has a higher fault-tolerant property beawse sensor can it provide (part of) the
navigaton solution while the other is temporarily unavailablbecaus of jamming, GPS
signal blockage, orryy ahe reason. It should éonoted that, however, INSil eventually
diverge as a matter of time.

* GPS may b used for tl initialization process of thINS and even for calibratin onthe-fly

capaliity.



When tke INS is integrated with t#6/GPS, tle INS accepts thposition measurement fra GPS
updates at slowerates. Tl Kalman filter integrates thraw inertial sensor measurementada
corrects i olution with the GPS posittn updates. Tacombinatory systa outputs tie compensated
position, velocity, ad attituce estimates at Igh speed with bounded error.

There are two types of integratin  INS/GPS [36] loosely-coupled GPS aided INSich
tightly-coupled GPS aided INS. Ineliormer approach, only &position a rang information from
the GPS is fed into #INS to corret the position estimates. This mieddis computationally light iad
easy to implement. In ¢Hatter scheme, thacceleratin information from INS is used by thcarrier-
tracking loop and this improves th signal-to-nois ratio and makes tle overdl systen nore robug to
jamming and interference. Whd the latter may le more dfective, it requires a il access to INSral
GPS. This is not usually possthen usig COTS INS ad GPS.

DQI-NP provides loosely coupled GPS integratianalr experience, thperformane of DQI-
NP is acceptablwhen it is used in INS/GPS combination.€Onajor deficieng of the DQI-NP is
that it is impossild to specify that thstandad deviation o position error is less than 1 meter becaus
the data field for this informatin is defined as an integer variatith meter. In addition, #nposition
updae from DQI is 1Hz, which is do slow for high-accuracy posiin control. Therefore, an
additional Kalman filter is implemerdeon the flight computer m oder b genera¢ high-speel
position updates at 50 Hz. BtKalman filter performs numeritantegraton d the velocity estimates
of the DQI-NP and correct it with tle GPS measurements, whicleawvailabk at 4Hz.

Sinee it is impossibé to instdl the antenia and the IMU at the sane location, thee is always
the offset betveen the® two points. Therefore, ghpositon d GPS should & compensated for ¢h
offset to the INS position. Thestwo positions haga fixed dstane if we assune they ae attached to
a rigid body. This distane is called lever-arm and its compensabin invdves tre transformain

between the body coordinak systen and the inertial coordinat systen such that

XS =X+ Ry XSS @)
where
X$5® . GPS locatinin theinertial frame

X715 : INS locatonin the inertial frame

XSEP5=INS: the relative coordinae of INS with respect

to GPS in tle body coordinag systen
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This transformatin requiresknowledge of the Euler angles, which aithe estimates of tINS.
Therefoe the GPS measurement is degraded further byattitude estimae eror of the INS. In arder
to minimize the eror, it is desired to locatthe INS and GPS anterm & clo® to eat aher as

possibé (Figure 3.18).

3.2.2.4 Ultrasonic Sensors

Ultrasonic sensors estineathe distan@ from the surfa@ of the ultrasonic transducer to eh
nearest object, which reflectsethltrasonic pulse, by measngthe dapsed tine from the trigger to
the recepton d the eho. They a@ widely used for diversapplications inclugtg cdli sion avoidane
and local mg bulding d UGVs. For RJAV applications, ultrasonic sensors meadie distane
from the ground, orrelative altitude for automatic take-off/landg and gound cdli sion avoidance.
This informaton is very important for landg becaus the vehicle controller reeds © know its
relative distan@ from the ground in ader © genera¢ the landing profile. The accuracy ad the
reliakili ty of ultrasonic sensors @usually worg than tke INS/GPS sensor.

An ultrasonic sensor consists ofethltrasonic transducernd the processig board. h aur

research, @& cho the ultrasonic sensor unit fno Senix In¢. The specific board w used for our

! http:/Avww.senix.com



applicaton has voltage, currentnd serial port outputs.nl cur application, th serial port output is
used becawsthis modué supports communicaton d multiple ultrasonic sensors in a daisy-chain
configuratbn through ore communicaton channel.

Care should 2 exercised when moumtg ultrasonic transducers becauke sensor ofte gves
faulty reading when it is exposedot harmful vibration. Rigid mountirgy should ke avoided by all
means Bad a flexible mountng for the transducer is highly reammended. Tk sevee structural
vibration d aircraft may inject excesswnoise to the ultrasonic transducemd dsturb the estimaton
algorithm. In additin to the vehicle vibration, tke irregular or poroa aurface such as grass or dirt
field may caue faulty readings. Sirethe relative altitude information is very important for landing,
two ultrasonic sensorsainstalled for redundancy. In FigrB.19, the ultrasonic sensor output dog
a test flight of Ursa Magna 2 is shown.€eltlitrasonic sensors haa roughly 300ms updatycle and
their output is moderately accueakxcept for a fev irregularities. Thes irregularities may &
detected ad eliminated by compang the two measurements fino the ultrasonic sensorsnd the
INS/GPS.

Ultra #1 [m]
o
(92

Irregularities

0 I I I I I I I
10 20 30 40 50 60 70 80

Ultra #2 [m]
o
ul
T

Irregularities

0 I I I I I I I
0 10 20 30 40 50 60 70 80

INS/GPS [m]

80

time [sec]

Figure 3.19 The measurement fra two ultrasonic sensors of Ursa Magna 2

While the ultrasonic sensor is a low-cost sobutifor relative distane measurement, its
occasional faulty behavior makes it less depemdabla navigational sensor. Maiccurag relative

altitude information may ke obtained fron lase rang finder. Tte lase rang finder measures ¢h
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distane from the laser generator to a poioh the target surfae by measung the time for the laser
bean to travel back ad forth between the® points. Therefore, it requires highly a preaisechanical
and electrical system ral is usualy heavy, large, ad expensive. When thlase rang finder is

combined with tB INS/GPS, it serves as a superb sensor for Ingildilocal geographic map.

3.2.3 Servonotor Control

The final stag of the flight contrd is the actuaton d the servomotors instalte on the
helicopter. Radio-controkiehelicopters a typically equipped with fie servomotors that actuathe
main rotor swash plate, @hail collective pitch yoke and the engine throttle. Usually tk engine
control and the tail control ae similar anong telicopters, th mechanisn for main rotor swashplat
differs fram model to model.

A servomotor is a compact electromechanical @esimsisthg d a DC motor with a built-in
fealback circuit. Thes servomotors accept pulse-width moduat{PWM) signals as threferene
input. Tte flight control systen should le able to genera¢ the compatibé PWM signal for sevo
actuation. It is als very desirabé to read tke incoming PWM signals fran the receiver for systa
identification introduced in Seabn 2.2.8. Tk detailed informatn o the PWM readng and
generatnis listed in Appendix A.4.

3.3 Wireless Conmunication

Sine the vehick is operated in #e spae without any umblical cords for power or
communication, tle onboard avionie $ould ke euipped with somwireless caonmunicaton ckvice.
In the early part of te research, 900MHz wireless modems evarsed for avionics data
communicaton and DGPS correctin broadcasting. Ursa Minor 1, 21é3 as wé as Ursa Magna 2
were auipped with two wireless modems. & lwireless modems used for this researck ar
manufactured by EeNawe Inc'. They offer very reliabé communicatbn link with throughput
somewhee between 57.6 kbps ~ 115.2 kbps. Theyaldfer very longrange communicaton with a
maximum of 1 watt power. It ulizes frequency-hoppg TDMA protocol and supports a number of
configuratiors sich as master-to-slave, master-to-multiple-slave, multiple-master-wasidwso on

Master-to-slag is the bast wnfiguraton for one-to-oe communicaton such as flight data

! http:/Aww.freewave.com
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downloading. Master-to-multiple-slavis ideal for broadcasty DGPS corrections to multipl
numbers of vehicles with GPS system.

Although the wireless mode functioned flawlessly may times, thee were three limiting
factors: (1) tle limited bandwidth, (2) télimited protocol, ad (3) possibé interferene with GPS.
The first two factors ag the natural consequences of serial pormominications. Th third factor
raised curiosity becaaghe wireless moda does not operatin the GPS L1 or 2 bands. It was
discovered thathe built-in automatic gain control (AGC) amplifier of NovAtel GPS in its RF circuit
is the sour@ of the problem. When th chang of the RF activity in thke neighborhg bands is abay
certain level, which might interferthe GPS operation, thNovAtel GPS temporagl outputs an
unusabd data set with @ aror indicatbn in GPS bggng and resumes tnormal operatin as on
as an adjustment is made. If thisndtion is probnged, the GPS loses #atracking and resumes th
integer searching.

For multi-agent scenarios, one-toeonommunicaton regime offered by radio modems is
severely restrictig to access # pea-to-pee cammunicaton protocol. Tk need for higher
throughput is anotherea®n to abandon the conventional wirelas ®rial canmunication. As an
alternatie for the wireless modem, thLucent WaveLAN®, late renamed to Orinoco®, is chosen.
Orinoco is a 2.4GHz wireless Ethernet systeompatibé with IEEE 802.11b. Packaged in a PC
Card, it is a compact, portabdnd very powerful solutin for wireless LAN inad-hocmock or in
infrastructue mode. In either mode, ¢hwireless Ethernet provides considerably faster throughput
rangng from 1Mbps to 11 Mbps. Tdamaximum range, seriously tradedf with the throughput, is
less than 1 mil dependig onthe dficiency of antennae. In cur application, however, g#reducton
of rang is not a significant is®uyet becaus our RUAVs ae operated in a confined area larger
than half mile. Currently, & new RUAVs and UGVs ae auipped with tie Orinoco systm for pee-
to-peeg cammunicaton in multi-agent scenarios. [Buo the absene of the support for Orinoco PC
cad via PCMCHIA bus by QNX RTOS, tcard is accessed thgluan adden product Ethernetrad
Serial Wnwerter (EC/S). An EC/S offers a transparent interfaetween the Ethernet 10BaseT port
on computer sid and the Orinoco FC Card. The EC/S ale dfers the serial port interfag and the two
data streams of EthernetchRS-232 a¢ multiplexed in a 2.4GH carrier. The serial port multiplex
capaliity is extremely useful for DGPS broadcastlaimplifies tte onboard conmunicaton setup.
This is especially advantageous for smdlé&V platforms with less availabpayloads.

In Figure 3.20, tke entire communicaton systen set up $ shown. The communicatbon systen
consists of a vehieldata conmunicaton channel ad the DGPS broadcastg channel. Tk data
channé is naw basél on the Orinoco system, kuthe 900MHz wireless mode can e operated

concurrently asdng as tle interferene with Orinoco can b kept minimal. Tle DGPS broadcast is
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nov macke in both tle 900MHz wireless mode channel ad the 2.4GHz Orinoco wireless LAN
channel becaessone of UGVs ae guipped with a wireless moaewhile al of the UAV's ae now

equipped with t Orinoco syste only.

——

I;.’- I‘x
) | e
i — arvtrra [ k
Lircent L':]'_‘TZ'P_*LI_'.'E_:..
- Crinoco (WaveLAN) .
= {Ad Hoc Mode)
Ground Monitoring System

Figure 3.20 Cannmunicaton architectue of BerkeleyUAV/UGV/SMS Testbed

3.4 Ground Station

The ground statbn consists of a DGPS bastaton with broadcastig equipment ad a portabé
computer onrected to a ammunicaton cevice such as a wireless madeor wireless Ethernet. Eh
ground staton monitors ad stores tk flight data of te UAV and sends th navigaton commands
such as controller activation/ deactivation.

The bag staton is a multi-functional user interfadhat serves as ¢tcommand post, realtine
visualization statin d the vehicle status, ad the data bggng system. Th bas staton uses either
wireless modea through a serial port or t Orinoco system. Tén softwae runs on Microsoft
Windows 98, which is chosen for its outstargligaphics support ad its compatiliity with the
Lucent Orinoco wireless LAN system. &hoftwale consists of a number of child ndovs in multi-
document interfae (MDI) and it displays tle text-based INS/GPS status,.ethehicle status, te
control buttons, th2-D map of tle experiment site, thgraphics-bask navigatbn measurement, ¢h

control output, ad the graphical displg of the vehicle status. Al the informationis downloaded frm
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the helicopter via tk wireless network rad is displayed in realtime. Bincoming cata may k saved,
if the sawe option is activated, retrieved for off-lenview later and exported in ASCII text fon to

other applications such as MATLAB for further procegsind analysis.

X
Vehicle'hStatus/

Control Station

Nav Sensor Statusl_ . " | Controloutput "=~ | Vehicle Status| .

Figure 3.21 Ground monitoring staton enhanced with GUI

3.5 Software Architecture

Vehicle management systesoftwae (VMSS) development is another very important sty
RUAV construction. Th VMSS resides in # onboard flight control computernd manages &
operaton d the host RJAV. The VMSS is typically implementd on a realtine operathg systen
(RTOS) b guaraneethe demandig hard realtine requirements. T&WWVMSS consists of a number of
processes runmj at different rates to féltate the neads of sensorsral actuators. Tédesgn d the
VMSS is closely related with ésetup of tle flight computer ad the navigaton sensors. As quoted
above, te VMSS should perfan the threetasks: (1) aviate, (2) navigateyeh(3) canmunicate. Tle
tak of aviation in the perspectie of the VMSS invdves tle trajectoy generatbn and the hard
realtime feadforward/eedback control of th vehice through the aforementioned PWM generati

circuit. The tak of navigatbn invaves initialization, calibration, acquisith and fault-toleraton d

10C



the various onboat mavigatbn sensors typically thraih serial ports. Finally, #communicatbn is
performed throgh the onboard wireless eomunicaton cevices auch as th wireless moda or the
wireless LAN. Thesthreetasks interact very closely:dllow-level stalii zation is activated regularly
at its ampling rate and performs tle INS reading, control output calculatiomdadavnload the flight
status to th ground. This is th main loop of tle VMSS and adher auXiary processe sich as
INS/GPS management, ultrasonic sensdlimpm and the communicaton with the vision computer
run concurrently. A of the® “user processes” ruonthe applicaton program interfae (API) of the
host RTOS. Becaef the stringent requirements ofdlieadback control, threaltime support of tie
host OS is highly emphasized. &timing jittering should ke kept in a minimal rangfor an accurat
discree controlle realization. Sine VMSS runs may tasks at differentiming rates, tk OS is
desired & dfer multitaskng environment with synchronizati and interprocess aomunicatbn
(IPC) capaliities. The support of multipd serial ports is also an important factor appears as a trivial
requirements

Sine VMSS takes th full responsibity of a remoe mission, VMSS serves as aperathg
systen of the vehicle/electronics/softwar integration. Sine the target RJAV platfom should
perform the given high-level missbn with the minimal support frm the ground @erator, tie onboard
systen management softwaishould perfam a broad level of work fnm control output generatn to
the complex intdligent behavior in a robust manner. eTtasks of VMSS ar characterized as

following:

e Sensor management
Many orboard sensors, ¢tiDQI-NP INS and the NovAtel MillenRT-2GPS for examplegal
to be properly initialized ad maintained. Th DQI-NP should kb started followng the strict
initialization procedue and it neads positon updates at a regulaate. Tle GPS card should alseb
initiated following a certain procedure. Althgh GPS runs qué independently, its operati can ke
erratic sometimes @uto external mechanical vibration, radio activity in adjacent bands, or partial
blockage of the GPS signal. Ultrasonic sensahould ke polled and read regularly by sentfj special

characters. Tdsensor readings etransferred maiglvia RS-232 serial ports.

» Control output computath and signal generation
The main tak of the FCS is tle generatdn d the control outpt to the five servos installd on
the helicopter system. Tcontrol output is calculated usgj either a classical multi-loop SISO control
or a MIMO w-synthesis control. Then e@houtput values & sert to the counter board rad the
correspndng PWM signaiis generatedral sent to tie servomotors.
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e Communicatbn
The onboard FCS should repahe flight systen status to th ground staton for monitoring.
The information is transferrd via a wireless caonmunicaton method such as wireless maaeor
wireless LAN. This task also includesetnboard communicaton with the vision computer via RS-
232. ThreVMSS should satisfy #following requirements:

* Reliahlity

Reliaklity is ore of the most important factors for successful, repeatabitel @nsistent
operaton d a RUAV system. Ay accident durig the test flight caused by a unreligiflight control
softwale can e very disastrous becaesany damag to the delicake sensors/computer systems is very
costly and more importantly tle rotating blades can caedethal damagto anythng in their path.
Hence, thorogh validation d the flight control softwae should ke performed befa any real test
flight. The code should ke ablke to hande any run-time arors rangag from purely softwae problem
(segment fault, memgroverflow) to vehicle-originated faults (a severed eviconrection, engip

failure).

* Real-time
Sone part of the tak of VMSS requires hard-realtieperformance. Samppij the sensor data
and generatbn d the control output at every sangaiime with smdl jittering is the typical example.
The VMSS should b able to med the realtime requirement with minimal error. Therare also
numerog Dft realtine tasks sich as pliing sensors rad wireless cenmunications. Even thaih thes
kind d jobs do nd requite as dgringent of a performamcas the hard-realtine tasks, thesjobs sould

be processed with reasonaldlelay.

* Readabity
This applies not only to #WMSS, but also to thgeneral softwardevelopment. Tasoftwaie
should & readabd by teanmates other than é¢hprogranmer him/hersdl for further development.
Many and proper conments ae strondy recanmended for futue references. Tdnsoftwale can also

be expandabd whenever higher layerseadded to thlower level softwag block.

Thes tasks requie realtime operaton to guaranee stabk and reliable operation. For example,
the control output generamn requires a stringent sammij at a certain rate. Hence,ewedal a
progranming environmeh to guaraneeacceptaltd realtime performance. Sirecthe PC architecture is
10z



Intel based, a number of OSeaavailable: MS-DOS, MS-Widowvs 98/NT, QNX, VxWorks a&
candidates. In this research,etQNX realtime operathg systen (RTOS) is chosen ral used
throughaut this research.

Basal on the timing requirement ad the assigned task, four concurrent processescarated
and communicake with ore another via th interprocess aomunicaton (IPC) schera provided by
QNX RTOS. Tle four processes amnamedDQIGPS, DQICONT, VCOMMnd ULREAD after their
functions.

The VMSS s initiated in th following ader. At first, the wireless cenmunicaton link from
the ground statbn to the FCS is established. Elyround gerator logs into #nQNX sessbn and starts
the parent proces®QIGPS with the appropria¢ options. Then th DQIGPS starts and spawnseh
DQICONT.The DQICONTIn turn spawns two merchild processes/COMM and ULREAD The®
processes runs concurrently with shared-memodypeoxy based IPCsasown in Figue 3.23. Each
process runs at its own rate, which is maitétermined by threquirements of # external sensors
and actuators. TeDQIGPSruns at 4Hz becaashe GPS outputs #0RTK positon cata at 4Hz. Té
DQICONT runs at 100Hz becaeshe DQI-NP outputs ta navigaton data & 100Hz. VCOMM and
ULREAD run in an aperiodic manne//COMM is a serverunning on FCS and sends th current
flight status to th vision computer via RS-232JLREAD polls the daisy-chain ultrasonic sensors at
approximately every 300 ms. Flowcharts for #@®cesses amgiven in Figue 3.24 ~ Figue 3.27.

It is very importah to check thathe VMSS runs & the required timng within acceptald
timing jittering. Sine@ QNX does not offe rigorous <hedulhg analyss ©oftware tools, we had to
devie sone ad ha way. In the main loop ofDQICONT, a number obutp functions ae inserted.
Thes lines output oa byte to the digital output port of th counter/timer boardral we can monitor
the status via oslttoscope. This mbbdis not so elegant, but it is a very efficiendaccurae way to
monitor tte realtime performance. It is validated thtéhe processes run at excelldiming as shown
in Figure 3.28. Tre main loop ofDQICONTruns every 10msral the entering point is approximately
0.5 nilli seond after tre end d the RS-232 transmissi d the navigaton data format M3512 of ¢
DQI-NP. Then tb DQICONT executes a seriesf dunctions: Kalman filtering, control output
computation, wireless oarunicaton via TCP/IP, ad the IPC. The overd user load is less than

about 10% adit allows enoghtimeto run ather systm processes.
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Figure 3.22 Systm architectue of QNX RTOS
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Chapter 4

Hierarchical Flight Control System
Synthesis

In this part of tle research, & aim to construct a controller architectuthat conforms to #n
hierarchical structwr presented in Figerl.3. The idea of tle architectue is to build a hierarchical
multiple-layer structur that decomposes d@habstract missin djectives into physical quantities of
contrd input. A the highest level, is thstrategic planner, whicdetermines tb desired mobn d the
RUAV for a finite horizon basel on the missbn djective and the current navigatin status. In th
middle of the hierarchy, an intermediatlayer interprets th output of tke strategic planner ral
chocses tle current flight moeé and the associated refereadrajectory in realtime. In thlower part,
the regulaton laye reads tk realtime referene trajectory ad issues th fealforward/ealback
control output for th helicopter airfrara in realtime. A the lowest levé is the physical helicopter
system. Tk helicopte resmpnds to thke contrd input fran the regulaton layer and the vehicle
respone is measured by #navigaton sensors iad fed back to thregulaton layer ad the waypoint
navigator. Tl waypoint navigator monitors émavigaton and the vehicle status ¢ determire if the
current flight mod is beng realized correcyl or if thereis ome fault or exogenous disturbamin the
system. Baskonthe waypoint navigator’'s decision, dlgiven task is carrgton a aborted.

In Figure 4.1, tte hierarchical structwrthat has ben developed for our RAV applicatbn is
presented, As canemoticed, tle proposed structeris dightly differently structue than the original
structue shown in Figue 1.3. The major differene is tha the tactical planner =id the trajectory

generator in Figw 1.3 ae combined into a singllayer. The rea®n for this modificaton is tha the
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referene trajectory is completgl dependenion the current flight moé and it is more reasonald to
generag both tre trajectory ad the flight mode in a singé module.

In this research, thlower two layers, th waypoint navigator =d the regulaton layer, ae
mainly developed wh# maintainng compatiblity with the hierarchical structure. Ehwaypoint
navigato receives th motion command from the strategic planner ral cetermines th appropria¢
flight mode and the associated refereadrajectory. Tle waypoint navigator activates atproper
control sets ad sends th referene trajectoy data in real time.nl arder to integrad thes two layers
with the strategic planner, a netddogy to conwey the necessary informain independent of #n
misson and specific vehiak type is desired. To address this abstractios,nibmvel concept oVehicle
Control Language(VCL) is developed. VCL is a script-tgghuman understandablangua@ that
encapsulates &flight mode, waypoint coordinatesiéd cher optional specifiers. Thrgh the use of
VCL, the autopilot systm becomes independent ofettietal of the mission. As a direct consequence,
a moe versatié flight control systen can ke implemented. Thestwo major tasks of buildig the
regulatbn layer and the waypoint navigator @& discussed in this chapter. In accordamgth the
consistently used bottom-up approacte fisst develop tle stallizing feadback control systems for
hover. These systems ar fully tested in a series of ¢hest flights. In tle next step, ta waypoint

navigator is developed ungjthe framewok of the VCL.

Communication Channel

A

Command Status

A

Strategy Planner

Wavpoints | Conflict
e notification

Waypoint
Navigator

Flight mode [ Tracking
Reference Trajectory Y Error

Feedforward/
Feedback control

Control
\ Input

Navigation
Sensors

Vehicle Dynamics

Figure 4.1 Modified hierarchical vehia control system
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4.1 Regulation Layer

The helicopter has inherently unstable, complicatea] aoriinear dynamics under # significant
influenee of exogenous disturbanceadgparameter perturbations. @kysten has to le stablized by
using a fealback controller. Té stahlizing controller may b designed by th model-based
mathematical approacar by heuristc control algorithms. Da to the complexiy of the helicopter
dynamics, thee hawe been efforts to appl nhonmodel-based approachaich as fuzzy-logi wntrol,
neural network control, or a combirati d thes [6]. While thes approaches arattractive becaus
no identification is required, thg do na guarante closed-loop staility while they ae being tuned o
being learning. Tle mathematical model-based approach assumesavhilablity of a linear or
norinear systm model for the controller design. In this caseethysten identification process takes
the significant amount out of #whole research effort of buildg a RUAV. As our godis to provia
a fealback controller that is consistently reliableg seek a suboptimal controller usj the model-
ba® approach. In th arly part of tie Berkeley UAV research, thee different approaches wer
chosen: (1) linearobust control usig x-synthesis, ( feedback linearization, ral (3) genetic fuzzy
approach [6]. A of the® controlles $howed satisfactory stdization and tracking performane
when working with the nominal plant with acceptablevel althogh certan dfferences ag observed
with plant perturbatin and/or exogenous disturbanare introduced. Whi the genetic-fuzzy logic
and the u-synthesis control showed robustness to etamdversary effects, ¢hperformane of the
fealback linearizatin controller degraded considerablyith the increased uncertaintynd the
external disturbancdn fact, tke feadback linearizatin control theory can dapplied, as for now, to
very limited class of simplnoriinear systems. In efforts to dathe realistic nodinear mode into
such a framework, extrensimplification and misleadhg assumptions habee introduced in may
previous works. T@resultng contrd law obtained by this approach wduhd be able to perfom as
promised by th simulaton when in tle presene of the neglectd dyramics, model perturbations, or
Sensor noise.

The linear control thegr has drawbacks of its own. First of all,ethelicopter modeis not
linear by ay means. Thdynamics featus strondy norlinear effects ad the ejuations of motin are
gowerned by th norlinear kinematic relationship. Nonetheless, it haetproved that linear control
theory is al# to stalili ze unstabé norlinear dynamics consistently, asrgas tle systen stays in te
region whete the linearity assumptin hdds. The deficieng of the linear approach in thcoordinae
transformatn should e taken cae of by a separatalgorithm. For example, élinear controller
does not understa the heading dher than 0. The forward flight with a fixel headhg d other than

0° is realizel orly through an explicit coordinag transformathn d the tangent plae position
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coordinates back to ¢hbody coordinates. Even with thesdifficulties, gain-scheduled linear
controllers hae been widely accepted as @éimainstrean approach by may practitioners in industry.
It is rather hard to understdat first becaus of the fadt that the helicopterdynamics show a stiong
coupling anong the longtudinal, lateral, vertical 'd yaw dynamics. Thanks to thmild cross-
coupling anong channels, however, ¢51SO approach manages to fuontieasonably as hasd
reported Iy other researchersxdwill be shown in tle following.

On the other hand, therhawe been a number of attempts [17,18,19,20] to apply modern control
theories to th helicopter control probia becaus the modern control approhcdfers many superior
features over classical consokich as: decoupling, robustnessidasophisticated performaac
specification. Surprisingly, however, ehMIMO modern control approdéic has not wen many
practitioners yet. May o these dforts extand oy as far & smulation and very limited works hag
been performe onactual helicopters.

Our god in this research is to prowié working autopilot systm for our helicopters. Althagh
there are many fancy control theories promigj theoretically beautiful results, dhreality is, only a
handful of thes can e actually applied to # complicatel helicopter dynamics. Therefore, &
chomse to deploy linear control theory for its consistent performance, well-defined theoretical
backgroumd and effectiveness proven by mma practitioners In this research, avapply classical
SISO control theory as Weas multivarial® statespace control theory such as u-synthesis for th
stablization d the helicopter in tle hover mode. In té following, the formal statement of th
stahli zing feadback controller degnis given:

Problem Statement

Suppos the kinematics ad linearizel dyramics ae given as follows:

XTP=VTP
=Rg_pV°
d[¢DD [ sin®tan® cosPtanO
O . O b
— = cosd -sin® 4.1
dt 5 O ? . iy *1)
APH B sin®/cos® cosd/cosOf
X=Ax+Bu
y =Cx

where



XT=[p, B, PRI
VTP =[ve vP vPT
Ve=[u v w
o =[p g 1]
x=[uvpgqdOa b wrry]

— T
u _[uais ublS ueM UrI'E' ]

y=[p, P, P, V¢ V7 V7 ® © W uvwpgqgr]

The god is to synthesi the contrd law that stabizes tle vehicke dynamics ad steeas the

vehicke to follow the desired trajectory
Ve (0= (X5 .V 0,25 0. W ) (4.2)

As a partial requirement,ewedl to find a static odynamic stabli zing feedback lav
Ug(t) = (y() (4.3)

such thatA +Bu is Hurwitz.

In the following, the controller degin process for Ursa Magna 2 (Yamaha R-50) is presented.

A similar procedus had leen applied to Ursa Minor 3 (Kybe Concept 60) earlier.

4.1.1 Classical Controller Design

Sinee the classical control approach is applialonly to the SISO system, 8(nMIMO helicopter
dynamics dould ke decoupled into SISO sub-systems (F@dr2). This is achieved bgmaing the
substantial amount of coupd anong thes systems. This is a rather atig assumptin and will be
examined in th following. Nonetheless, this is currentlyetimost favored mébd by nilitary or
industry research oamunities de to the simple and intuitive control systen structue and more
importantly, tke fact is that it has dmn shown to b dfective in numerous fligh tests. Tl systen
equaton in equations (2.63) to (2.67) represents a MIMO systith modera¢ coupling anmong the

roll, pitch, yaw, ad heawe channels. For example,aholl and pitch response show approximately
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15-25% couphg and the vertical mo& agitates th yaw model d to the persistentf varying anti-
torgue of main rotor. Nonetheless,aBysten can ke considered to éfour sub-systems that consist of

roll~v, , pitch~v,, yaw and heawe channels ad each can & stahlized by proportional-differential

(PD) controllers as W be discussed in #following. The roll and pitch rake dynamics haw lightly
damped stablresponses, which arsimilar to eah aher dwe to the symmetry of the main rotor
system The roll and pitch angé dynamics can b seen as the cascadf integraton and the attituce
rate dynamics, resultig in marginally stal# systems. Té fealback schem to stalilize the
longtudinal/lateraldynamics can & conceived by studgi the root loci of thog as shown later in
this section. Stepmig ore step ot to the translational velocyt dyramics, tle dynamics fran the

roll/pitch contrd input to v, and v, are clearly unstatd as grown in Sectn 2.2.8 ad they cand be

stahili zed with proportionaldadbadk of the translational velocyt orly in each channel. TEwertical
and yaw dynamics hae a stondy couplal mature due to the anti-torque of the main rotor. Tle
inherentdynamics of thes channels ar stabk becaus of the aelodyramic relationship with #lift
and the locd inflow. However, further dampg d the vertical dynamics is desired becausf the
sluggish respomsof the Yamaha R-50. Tényaw dynamics is alredy damped sufficiently by th
built-in rate gyroscog system. In this case, assmgithe gyro systen is tuned properly, only th

angkeregulatonis required.

u, \Y 1 Py
—» Servo Roll~Vy -
S
Uy, . \ 1 P,
—»  Servo » Pitch~Vx e
S
U, v 1 P,
—»  Servo Heave - >
S
U |Yawf k Yo, r 1 p
—> a gedbac Servo ’ Yaw - 4“
Mixer S
Rategyro |«

Figure 4.2 SISO representati d helicopterdyramics
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Basal onthes observations, #contrd law by the classical SISO approach is established as
shown in (4.4). Tacontrd law is very simpé and static. Currently it does nobvave any dynamic
controllers yet becaaghe statc control achieves a reasonalplerformane and the measurements for
fealbad do nd requir any further filtering.

Uy =~ Ko®P - K,v- prApy

Ubl = _KOG_ KUU - prApx
(4.4)
Ug,, =KW= szApZ

U, =~Kyhy

* Attitude Control

The attitude dynamics indicates thbehavior when ttranslational motinin x and y direction
is constrained. For éhdesgn d attitude feadbadk design, ve &trad the attitude dynamic model by
fixi ng the stak variables of translational velocitiesny, and z-direction and the yaw terms to zero.

The a@genvalues of thattitude dynamics of tle Ursa Magna 2 &0, 0, -1.572912.2576i (roll)
and -1.8706 8.2616i (pitch). Tle poles & the origin yield marginal staiity. The root-locus s1ggests
that the attitude dynamics may b stallized by simp attitude feadbadk only. The proper gains for
the roll and pitch loop can b found by the root loci and the step responses \titvarious gains rad

they aechosen to & K, =-0.55 Ky =0.55.
With the stabili zation d the attitude dynamics, it should &noted that w could desgn a moe

sophisticated conttolaw invdving filters. The structure of th proposed controller has a afos
relationship with th characteristics of # enployed mavigaton sensors. As aomented earlier, #
Boeing DQI-NP INS produces attitedestimates with a relatively Yo bandwidth. Therefore, evdo
not rea to filter high frequeny ndse for our control probla and the attituce estimates may &
directly used for conttolaw computation. V& also intentionally avoided introdung angula rate
fealback for further modificabn d the underlyng attitude dynamics becawsthe angula rate
measurements contain a langprtion d noise due to the sevee structural vibratin d the helicopter.
In addition, simpler conttdaws wee preferred in te erly stages of #acontroller experiments. Eh

proposed conttdaws of proportional gains perfareasonably.
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Figure 4.3 Attitude Compensator Design

* Horizontal Velocity Control

Onee the attitude subdynamics ae stabli zed, we proceal to find the stalli zing feedbadk gains
for the velocity dynamics with tle similar approach. Badeonthe root loci and step responses ofeh
velocity dyramics & $own in Figue 4.4, we find the suitabk gains to be:K, =- 0.0X, =-0.02.
The gains in tle roll and pitch loops a& identical so far de to the very similar dynamic
characteristics of theschannels. It is expected, ifeawrecdl tha the roll dynamics has a faster
response, that éroll channel vll shav a faster respoeghan tke pitch channel.

With the combined wsof proportional éadback for tle attitude and the velocity, we could
stalili ze the longtudinal-lateraldynamics. Tk proposed controller structirs extremely simg but,
as proved in th periment, very effectw in stalilizing the targetel dyramics. Tle closed-loop
dynamics becomfully stabk so tha the manual contrbin this presereof the stalli zing feadback

control becomes very stadnd easy.
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Figure 4.4 Velocity compensator design

* Horizontal Position Control
Finally, the position regulaton loop gains for te x and y coordinates @& sought. This loop is
required for tle accura¢ howering control at a fixed coordinatin the air. The gains ae found using

similar SISO root locus mabd as $hown below. Tk gains ae chosen to bKPX:— 010

Kp, ==0.0L.
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Figure 4.5 Positbn compensator design
* Heave and Yaw Control

We can proedl in a similar wayad desgn the compensators for éhea and yaw dynamics.
It should & noted tha the heaw dynamics is inherently stabldue to the aeiodyramics of lift
generation. $t, introduchg further dampig by velocity feadback improves # systen response
considerably. Té altitude control can b realized by proportional altitederor feedback. Tle heawe
contrd loop has th architectue of typical moton control becawsof the bas dynamics. Tle control
loop consists of velocityefdback for further stalbzation and the altitude deviaton feedback. Tle

gains aechosen to & K,, =0.03% and K, =0.12
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Figure 4.6 Heae dynamics compensator design

The yaw dynamics is also inherently sta&tfbr the sane rea®n as tte heae dynamics, but it is
often desired to introduefurther dampig onthe yaw rate to artificially counteratthe anti-torgue of
the main rotor. For this purpose, almodit small-siz radio controlle helicopters a& equipped with a
simple yaw rate feadback mixer so thahe human piloton the ground can control tk helicopter with
greater comfort. TdYamaha R-50 also comes withethuilt-in yaw rate feadbak gyro systen and
its approximateé dyramics is included in thsysten nodd in (2.63)~(2.67). B kegping the rate-gyro
systen in the loop, only thke heading error fealback is required for ghheadng control. The yaw gain

is chosentod K, =1.

Step Response
Fron

0.8

§ L / - 1
1ok 1
1 4
e

Imag Axis
o
Amplitude

Real Axis Time (sec.)

Figure 4.7 Yav dynamics compensator design

In Figure 4.8, tte structue of the multi-loop SISO classical compensatsrdiown. Ths smple
architectue is advantageous in terms ofetHficiency on realtime numericé load and the versaitlity
on the fault-tolerance. Obviously, ¢hcontrd law shown in (4.4) is extremely light in terms of GP
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load becausit is datic and invaves very smk number of arithmetic operations. In terms oé th
versatility, the multi-loop architectue can achieg a number of control objectives by switebi
between proper loops of attitude, velocityné@position control. For attitud control, only tke attituce
loop is closed. For velocity control, craigocke for example, th velocity loop as wik as the attitude
loop ae closed. For positin control, the position, velocity, ad attitude contrd loops ae activated 4
together. As mentioned abovegtrelocity and the position loops functon correcty only if their inner
loops ae activated.

A series of experiments habeen performed usig the proposed controlleon Ursa Magna 2.
During the repeated experiments, ethattitude/velocity controller tsa shown stabd operaton even
when the helicopter stayson the ground. Therefore, meraccura¢ take-off ad landing can e
achieved by activatp the attitude/velocity controller even betothe helicopter takes fb from the
ground. Wha operated manually, &hpilot engages tnattitude/velocity controller usg a switc on
the transmitter ad then takes thelicopter off tie ground. A this time, only stedy hea\e referene
command is given. One the helicopte reaches thdesired altitude, #nhowering controller, i.e., th
position/velocity/attitud loop controller is activated.

Figure 4.10 shows th experiment results of thhowvering controller testé onthe Ursa Magna 2.
The RUAV showed a stablrespone over two minutes witht0.5m accuracy inx and y directions.
Theroll, pitch, and translational velocity in #x andy directions ae regulatel very wel. Tte altitude
regulaton shows outstandg performane with +0.1m error and the headng regulaton is al® geat
with a £3 degee eror. Figue 4.11 shows th eperiment results of Ursa Minor 3:ehthovering
accuracy ist0.2min x, y,and z directions. Tk better accuracof the hovering control of Ursa Minor
3 can leattributed to thfaster resporesof its smaller size.

In Figure 4.9, tte photogra of Ursa Magna 2 ithower is shown.
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Figure 4.9 Ursa Magna 2 in automatiover
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Figure4.12 Ursa Minor 3 in aohamoushover aboe the ship deck simulator
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4.1.2u- Synthesis Controller Design

As an alternatig to the classical approach, exapply the modern MIMO linear control theory toeh
helicopter control problem. Ruo the inherent cross-couplg d the rotor dynamics, MIMO control
algorithms ae more desirabé than SISO controllers. Brontroller must perfon stahli zation d the
norinear unstatd helicopter systm in the presene of uncertain and/or pogrl knovn systen
dynamics ad the sevee disturbane and sensor noise. Aimg the many MIMO control theories, th
u-synthesis control theory is particularly attraetbecaus of its explicit account for #hstructured
uncertainy of a systemThe g-synthesis approach also incorporates a desamigfithe sensor nois
model and supports th desgn d a controller satisfyig the performane criterion in the presene of

the uncertainty ad sensor noise.

Problem Definition[49]

Find an internally stalbizing controller K(s) such that for llaperturbations A ., OA

pett pert

mai;ch H\ e (jw)B<1 representig the uncertan helicopterdynamics, tle closed-loop systa is dable
and satisfies
ITeall =[|FLlFu (P2 pee). K| <1 (4.5)
The goal of u-synthesis is to minimethe pe&k value of p,(Q)) of the closed-loop transfer

function F_(P,K) over d stabli zing controllersK i.e.,

min max g (F_(P,K)(j@)) (4.6)
stabilizing @
- A pert
z w
‘« P -«
y u
] K

Figure4.13 LFT representatn o x-synthesis framework
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P is the generalized plant, which includesethelicopter linear model ral weighting matrix
blocks for tlke sensor nois model and the performane specifications. Téstructue of the generalized
plant should b carefully designed so thathe resulthg controller K may fulfill al of the robust
stahlity and robust performare requirements. Tdn generalized plant contains ethhelicopter
dynamics, uncertainty weighting, neisweighting, referene respone model ad performane
weighting. Tle attitude dynamics is extracted fro equaton (2.63) by discarding the stae variablesu,

v, w, 1, and r, , as shown in tfollowing:

Xatt = AatXat T BagUag

4.7)
Yat = CatXat

where
Xqo =[P 0 ® © a, bJ (4.8)
Uy =[U,, U, I (4.9)

Y =[P @ ® O (4.10)

—
—
ey

A

1

<
4

as
0

0

_1/ Tf Abls

Bals _1/ T f

o O O O O O
o o
MMOOOOoOoOoOono

(4.11)

I o |

As discussed above, élnelicopterdynamics, when th translationaldyramics is constrained,
are marginally stable. In #hg-synthesis framework, éhinterconrection for the generalized planP
and the weighting functions ae the desgn parameters. Téninterconrection dagram is given in Figue
4.15, which includes a number of weigigtifunctions categorized as (1) uncertainty model, (2)enois

model, (3) contrbinput penalty model, (4) hanatj quality model, (5) performaaveightihg model.
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Figure 4.15 Interonrection dagram for x-synthesis controller design
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The weighting functiors gecify the characteristics of #hcontroller under thframewok of the
minimizaton d the closed-loop systa input-output infiniy nam as sown in (4.5). Roughly
speaking, th weighting functiors shape the controller so thathe input-output ratiod smaller than
1.For example, if a weightg function penaliz the deviaton d the systen respons from the model
respone by 10, tke eror of the closed-loop systa would ke aronnd 10%. The actual behavior of th

u-synthesis controller is significantly mecomplicated than this simplified interpretation.

* Uncertainty Model

The uncertainy or unmodeld dyramics of tle helicopter systa equaton may ke categorized
as: 1) poorly identifie¢ o time-varyng aeiodyramics or inertial quantities, 2) unmodeleigher
order dynamics such as tk rotor flapphg dyramics or te servomotordynamics ad 3) norinear
effects of tle kinematic ad dyramic systen equations. A of the® may perturb th resultng closed-
loop linear control systems out of stabégion, so th controller should & designed to &robug to
those dfects. The uncertainty model associated withe thelicopterdynamics is usuajl very hard to
establit due to the norlinear compl& behavior of tke original helicopterdynamics. Therefore, 10 %
of the multiplicative input uncertainty in each chaming assumed asdlstartng point.

s+1
W, =01———| 4.12
v s/10+1 *? (4.12)

Uncertainty Weighting Wu
1 T T T Tt T Tt

0.9

0.7+

0.6

05

041

0.3

0.2

0al——i ‘
10

10

Figure 4.16 Unstructured input uncertainty model
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* Noise Model
In the attituce regulation, tle attitude ange (@, ©) and the angula rates p and q are
measurable. Thegneasurements aiobtained throgh the Boeing DQI-NP system. Té&main rotor

flapping angles a and b, are not usually measurablwithout a special measag cevice. Tle

angula rates ae the direct measurements ofelhate gyroscopes rad the attituce is the integraton o
the angula rates by tk kinematic equatin in (2.11). Tk actual measurements obtaingiring flight
are analyzed by FFT rad then captured in thform of rational transfer function. Althgt the
identical raé gyroscopes & used, tle actual nois characteristics ardifferent in each channel
becaus of the different vibraton characteristics of thhorizontal support baon which tre INS is
mounted.a

s+l

s/10+1 **

o _ 0.371s* +3.64s+ 28
N 2 +934s5+98%2

o _ 0.133* +7.065+ 607
N s +181s+ 2193

W® =0.006

(4.13)

Noise weighting Wﬁ’e
0.06 [T

0.04

0.03

0.02

0.01

10

(@) Noi weighting o @ and©®
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Noise weighting Wﬁ"q
0.45 — T — T — T — T
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0.15

0.05-

(b) Noise weighting o angular ratep and g
Figure 4.17 The Noise weighting functions

* Reference Model

The referene respone model specifies #respons profile of the roll and pitch angk to
follow. The deviaton d the systen respons from the desired respomsis penalized by th
performane weighting model that W be discussed in tfollowing. The respone model can b
considered as the hamdli cuality model, which is a concept widely used ire therospae
community. In this research, it is described BY arder criticaly damped transfer function. Dag
the flight test, it was discovered ththe weighting onthe aror has dgnificant effect not oyl on the
respone sham but also tlke overdl stahlity of the overdl closed-loop systa response. This
phenomaon attributes to th mismatt o the linear systm nodel with the norlinearity of the systen

model.

w2
:m|2x2, wn =0.6rr (414)

n

Q

» Performance Weighting
The performane weighting consists of two parts. @npart penalizes thdeviaton d the

systen respons from the referene model to fore the helicopter to follev the referene model. Tk
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other part penalizes é¢tangula rates © tha the Corioli's acceleratin and the gyroscopic effectslo

not becora large enough to dsturb tte linearity regime.

120 O Os/100+1

1
Yo =Ho 1000 s+1

P Ts/02+1 *?

(4.15)

» Actuator Weighting
The purpo of the actuator weightig is mainly to penaliz the input to the helicopter in arder
to prevent saturatio se@nd-order modeis chosen to penaéizhe control actbn at higher than 20

rad/s.

_93.55” +9665s5+ 7743

4.16
A  +33.5ls+7847  *? (4.16)
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Figure 4.18 The step resporsof the referene model
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Figure 4.20 The actuator weighting
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The controller K with 6 inputs ad 2 outputs is computed usj the algorithm known asD-K
iteration. The minimization problem in (4.6) is not easily solved with éloperator of tk structured
singular vale u. The ¢ minimization problem is hene replaced with th minimization d the upper
bound d the i« such that

Ha (M) = inf o (DMD™) (4.17)

During this iteration, it is aimed torfd the controller K and the input-output scafig matrix D

in a dternatihg manner. At first, withD fixed, the controller K B sought by tle 5 optimizaton
algorithm such that
min IFL (P, K)),

stabilizing

Using the resultng K, the scalhng matrix D such that
. — . _1
mino ED,F (P,K)(jw)D,'E

is ught. This process is repeated by a reasemaivhber urit any significant improvement of
the pek value of the i is mae or the order of tke controlle reaches thlimit of the reasonald size.
The D-K iteration is a heuristic algoritim that does not guaraed any convergene to the local
minima, not even thglobal minima of tk minimization problem. Nonetheless, this algoriityields
reasonald results most of #time. In Figue 4.21, tke value of i duringthe D-K iteration are shown.

The disadvantages of ¢ synthesis algorith are (1) the dfort to establish thinterconrection
of the systen and the individual weightng functions, (2) tk tremendaus off-line computatbn load,
(3) the on-line (realtime) computatin load, and (4) the large size of the controller. The drawbacks (1)
and (2) ar justified if the resulthg performane of the p synthesis controllersi superior b aher
controllers. Tle drawback (3) as vileas me part d (2) are not mut o issues thesdays thanks to
the extremely fast ad cheap computig capaliity availabé even at PC level. Tégndrawback (4) is
partially resolved by a number of order-redostalgorithns sich as coprimfactorizaton a Hankel-

nom mnimization.

134



W bounds

4 ———— ————— —————

151 *

0.5 *

10

Figure 4.21 u bounds durgthe D-K iteration

The resulted controlleK is 34" order ad its sngular valee plot is given in Figue 4.22. As a
matter @ fact, tke large size of the resulted controller is @wof the major drawbak of the i synthesis
algorithm. h our application, th order of tle controller has a direct impaain the realtime
computatbn time and the distortion d the controller by tle truncaton error of tle real variables. In
terms of tke realtime performance, #high ader of tlke controller is not of o much concern ray
more thes days thanks to powerful but monon CPUs. It was discovered that, after debugging, th
variabke to hdd the controller systen matrix (A,B,C,D) should le declared as a doubto kee the
perturbatbn d the poles by tle truncaton error to ke minimal.

The resulted continuous-tien controller is discretized with ¢h bilinear transfon and
implementd onthe FCS. As mentioned before,ethxecutbn time of the 34" order controller was
short enoghto kegp the 21.76 ms sampigtime.

In Figure 4.23, tlke experimental results of éhproposedu-synthesis controller amiven. It can
be verified thd the controller is capalelof stabhlizing the helicopter systa for sufficiently longtime.
The graph shows thathe roll angk is regulated withint 2 degees while pitch angk is within +3~4
degess. It should b noted tha the pitch angk could ke more tightly controlled by usig larger
penalty funcon W, .
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4.2 Waypoint Navigation

In arder for a RJIAV to track the given flight paths with tbregulaton layer that was proposed ineth
previows sction, sorma supervising contrd logic should b synthesized for # hierarchical control
structure. This layer of supervisjlogic lies betveen the strategic plannerral the regulaton layer. It
receives th waypoint request fim the strategic plannerral reports tle executbn results of tle given
request.

In the desgn d the waypoint navigator, # unique natue of the helicopter maneuverdiy
should e taken into consideration. €Hlight modes of a RAV can le categorized as (1) take-off,
(2) hower, (3) ascent, (4) descent) (Brward flight, (6) bank-to-turn, (7) pirouetteadi(8) land. The
transitbn relationship amng thes flight modes is depicted as a statansiton dagram in Figure
4.24. Accordng to this diagram, a flight scenarid a RUAV can k& undersbod as a sequential
combinaton d some of thee modes.A misson d a helicopter starts with éhTake-offmode, goes
through Hover and aher flight modes, 1ad ends with tle Land mode. Tle Take-offand Land modes
are terminal nodeswhich means thathes modes ag dther starthg a endng noas. Tl other
modes ag bi-directional, which means thathe sequene can enter or ekithis mode. Bagk on this
rule, a given missh scenario is decomposed into a seqaaidlight modes either by thstrategic
planner or by a hunmeoperator.

It is worthwhile to compae the flight characteristics of RAV with that of FUAV. The flight
modes of onventional aircrafts candxategorized as (1) take-off, (2) climb, (3) cruise, (4) bank-to-
turn, (5) descent, ral (6) land. Ore important factor of my fixed-wing aircraft flight is tha the
aircraft always has a posiivorward velocity higher than tk stdl velocity. In contrasto the natue
of the fixed-wing aircraft, as candundersbod from above, te RUAV's featue the superset bflight
modes. Whilsthe FUAVs always ha® pass-by waypoints, #RUAVS ma have pass-bywaypoints
or stop-overwaypoints. This versditty of the flight capability requires a mersophisticated waypoint
navigaton algorithm.

Once the flight sequene is determined, #supervising logic of the waypoint navigator should
activae the correct combinatin d attitude/velocity/positin control for the selected flight moeland

generag the associated refereadrajectory. Tle output of tle waypoint navigator is fed into ¢h

! More aggressive maneuvers or some combination of the listed flight modes are possible: the former include
barrel-role, split-s, 540-degree stall turn anars. The latter include forward take-off, cruise while climbing
and ® on. In this research, we limit our scope to the listedventionaflights.
2 Some type ffixed-wing aircrafts, especiglthose with thrust-vectoring, nehave vey versatile flight
characteristics. In this research, we will consider ncoresentionaflight patterns.
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regulatbn layer. We chocse the multi-loop SISO controller proposed in Secti4.1.1 becaus of its

simple structue and acceptablperformane that has ben validated in a series of test flights.

Low-
speed
X-Y flight

Pirouette

Bank-to-
turn

Forward
Flight

Ascend/
Descend

Figure 4.24 Stagtransiton dagram of helicopter control

In the following, the detaileal definition of these modes a& given:

» Take-off

Take-off moa is the startng point for dl RUAV missions. In th beginnhg d this mode, tk
helicopte ress dill on the ground with engire on idle. The autopilot conmands tle aircrat to
reach tle target altitu@ while the horizontal deviatin is kept minimal. One the aircraft reaches
the target altitude, it is refy to male transitbn to aher possit# flight modes. Hee follows the

formal definiton o the take-off mode:

X, 0 0X, O

0 0y’ O
% 0% [ (4.18)
EZOD [zHoverD

g v,

initial



where Z is thetargethower altitude

Hove

Apparently, a mar aggressig way such as jump take-off is alpossible. In this case, ¢h
helicopter gains forwar velocity as wk as altitu@ simultaneously. This is in facthe
combinaton d the take-off mo& and the forward flight accordig to cur definition. h aur study,
we eclude this moak for simplicity. Under this assumption,efirst flight moce right after take-

off is enforced to &the hover mode.

* Hover

Hover indicates th stak where the RUAV stays in tle air with regligible spead and heading
change. This is thmost essential flight medo be accomplished by thautopilot syste becaus
almost # flight patternsgo through the hover mode. Durig this mode, th requirement given in
(4.19) should bsatisfied.

From the view of the helicopterdynamics, tle hover moe is considered as ¢stat where the
influence of inflow on the rotor dynamics is negligible. Our own analgshows tha the influence
of the inflow is negligibk up to 5 m/sn haizontal direction. Therefore, evmay u® the hover
controller for tke control of low-sged forward flight, sideslip, pirouaitand ascent/descent by

fealingin appropria¢ refereneinputs to tie appropria¢ channels.

mta<|X(t) =X
max|Y (1) = Y
mta<|Z(t) -Z,
mta<|l4J(t) -Y,

s xtoI

SYtoI
4.19
<7 (4.19)

tol

<Y

tol

fOI’ Dt D[tinitial,tfinal ]

* Landing

Landing is the opposit of the take-off mo& in most aspects. This me@ entered frm howver by
initiating a descent. At first, thautopilot systm calculates ta relative altitude, i.e., th relative
distane from the helicopter to th ground davnright, usig relative sensos aich as th ultrasonic
altimeter or laserang finder and then generates #alanding profile accordingly. Tle vehicle
descend dowly untl it touches th ground. Tle touchdonn is detected securely byetliour

ground contact switches mourteon the landing gear. One the toudhdown is detected, th
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autopilot system reducesetlangine RPM to idke and the main rotor collectie pitch to zero. Then
the vehicle goes into th wait stae until the missbn is over or it resumes a weoperation. Tk

definition d landing mockis given as:

0X, O 0 X, O
0y 0O 0y O
oo oY% (4.20)
[zHover D [zGrourti D
g%, 5. 8% A

* Forward Flight
Forward flight is tle stat in which the helicopter gains rad maintainsnorzero forwad velocity
while the headng is generajl kept tangem to the flight path. This is th primary maneuver used
to visit the distant waypoints. This meds divided into thee phases: (1) acceleration, (2) ceuiis
with constant velocity, rad (3) deceleration to stop if required. Where tielicopter enters ¢
forward flight moe from hower, tre forward velocity is controlled to follw certain profie while
the lateral velocity is regulated to zero. &forward velocity is attained by tiltig the thrust of
main rotor slightly to forwat drection through the longtudinal cyclic pitch control. Then ¢h
vehicle starts acceleratg in the forward drection. As tle main rotor thrust is tilted forward by
the longtudinal cyclic pitch, tke vertical component decreases, cagsihe vehicke to lose
altitude. To compensatthis dight loss in tle vertical thrust, th collective pitch would
increased accordingly. In auton@atontrol, tte loss of tle altitude should k& compensated by ¢h
separat altitude regulaton loop. As tke vehicle gains forwad elocity, tte inflow to the main
rotor and tail rotor affed the overdl rotor dynamics. Tle rotor generates metift, knovn as
translationa lift, due to the increased amount of é¢linflow in unit time. The relative airspead
experienced by #hblades becomes amyretric andinduces tk flapping.

The forward flight can le categorized as (1) low-epl cruie and (2) high-sgal cruise.
The determinng factor betveen theg two flights is tle significane of the influenae of the inflow
on main and tail rotors. Tl hover controller may éused if the dfect of the local flow due to the
forward welocity is negligible. If tk vehicle reaches a significant forward esd, the rotor
dynamics changesnd the contributions of th fuselage, horizontalral \ertical stabizer fins
grow together. In this case, a separaontroller optimized for t high-sgeed cruise dynamics
should te designed. As for now, edimit our scope to the low-speead forward flight, which cané

managed by #ahowver controller.
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The referene trajectory for tle forward moton may ke generated usg sophisticated

algorithms such agdynamics inversion. Detaitedscussbnwill be given in the following section.

0 0
BYO o BYl O (4.21)
[z, 0 [z, 0
0 5MwitiaI B.IJl 5VinaJ
while tracking
U(t) - uref (t)
max|V(t)| <V
' (4.22)

W(t) - Wref (t)

w(t) - atan2(V;" (1) .V ),)

ref

* Low-speed flight

This maneuver indicateseltow-speal flight in X-and/ory-direction. In this mode, ¢hinfluenae

of inflow onrotors, fuselage,ra stalli zer fins ae smdl enowgh to beignaed and hence the use

of hover contrd is justified. In this mode, ¢helicopter is controlledot have longtudinal as w

as lateral velocity to reachdharget waypoint. Téheadng is maintained constant independent
from the direction of theflight path. The waypoint navigator generatesetteferene trajectory as
shown in (4.24). Althogh the rotor dynamics § symmetric becaus of the synmetric geomely of
rotor, the responses in thx and y directions ae slightly different dwe to the asynmetric mass
moment of inertia irk and y axis. In the y-direction, the fuselag receives marwind dag and the

tail rotor dynamics is affected in a different manner.

DY O DY O
goQd _, 0O0 (4.23)
[z, 0 [z, O
0 anitial B.IJO 5Vinal
while tracking
ult) - u ()
v(t) - u (1)
(4.24)

W(t) — W (t)
l'I',(t) - l'IJref

constar
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* Pirouette

Pirouetté indicates a maneuver of chamgithe headng with minimal velociy deviation about
the main rotor axis. This madis mainly controlled by th tail rotor collective pitch with
compensatig inputs fron other channels. Teunbalanced lateral foemf the tail rotor should b
canceled by thcyclic pitch o main rotor in rd direction. Tke engine RPM perturbatin due to

thetail rotor pitch variation should ke regulated by th engine governor.

mta<|u(t)| <u,
max IV(t)| < Vy (4.25)
mta<|w(t)| <w, '
l'I',(t) - l'IJref (t)

» Ascent/Descent

This flight moa indicates, in a narm sense, tl vertical moton while horizontal velocity ad
the headng deviation are kept minimal. Tle vertical mo& is dominantly controlled by ghmain
rotor collective pitch. Durhg ascent, th rotor has ¢ generag¢ more lift by increashg the pitch.
This alore requires moe power fran the power plant. Th vertical velociy of the helicopter
affects tke lift generaton d the rotor and imposes additional dgaon the blade, which requires
more power. Therefore, trate of ascent is limited by #fmaximun horsepower of thengine.

The behavior with tle descent maglis more complicated than ascenf\ low-rate descent is
achieved by slighyl decreasing th main rotor collectie pitch and, in turn, main rotor thrust.
When thke helicopter descends faster to reach shne speal o the induceal velocity of main
rotor, the blades a@ unabk to pu$ dowvn air and canna produe thrust any more. This dangerous
stake is calledvortex ring and it should k& avoided becawsin this date the control over tie
vehicke is smply lost. If the vehicle manages to pass this ragiquickly and descends faster, ¢h
rotor enters th windmill stak and it begins toreceivepower fran the passing air. With the
proper collectie pitch, the vehicke finds an eqili brium in vertical descent ral this gate can ke
sustained. Thisandtion is calledautorotation and it correspnds to tte gliding d fixed-wing
aircrafts. In tle ca® of engire malfunction, tke pilot can dsconred the dead engia output shaft
with the main rotor shaft, kethe main rotor enter # autorotatbn state, ad safely land the

vehicle.

! This French word originallmeans a full turn on the toe or ball of one foot in ballet. In this paper, the term
“pirouette” is favored over “turn” because the latter word tmaconfusing to indicate “turn” about a fixed
axis or “bank-to-turn” at higher forward velocity.
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Although we do nd neead to ke concerneddo much with this advanced caplaty of the rotorcraft
for now, tre autopilot should &progranmed to sty off from the unsaé ascent ad descent rates.
Thes hard bounds dependeah the helicopter configuratin should te considered d genera¢
thereferenetrajectory by tie waypoint navigator.

Ascent ad descent modes carm Hefined as following:

mta(| X (t) - Xref
mta(|Y(t) _Yref SYtol

<X

tol

<y (4.26)

mta(|l'|',(t) - l'IJref tol
W(t) - Wref (t)

l'IJ(t) - l'IJref

In general, ascent or descent ymeccur whik the vehicle has noreero haizontal velociy or
turning rate. Fron the viewpoint of dynamics ad control, the vertical moe is relatively less
coupled wih haizontal mo@ so tha the simultaneous control of horizontahé vertical velocity
may ke achieved easily During ascent or descent, étail rotor collective pitch should b
controlled accordingly to countetaihe chang in the anti-torge of the main rotor, which is th

function d main rotor collective pitie or thrust.

4.2.1 Vehicle Control Language

Vehicle Control Languageor VCL, is a framework d descrile the given misson with human-
understandablform of script language. VCL includes a set ofrroands to realiz the flight modes
listed in Figue 4.24 so that a given missi can e described in a sequeamof the achieval flight
modes. This approach provides tieolation and abstracton between the low-level vehick control
and the mission-level ondtion. In this framework, th onboard autopilot systecan perfom any
given feasild missbn without any reprogranming d the onboard softwar as the missbn changes.
The sequene of motion commands is described in a script langedorm that is understandaibto

humans.

A VCL command line consists of th command verb, required parametersnch gtional

parameters. VCL flight comands typically ta&the form:
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command <target coordinates> options

+ Command

This part of VCL script specifies ¢htype of maneuver. CurrentlyTakeoffT o, Hover,
FlyTo, MoveTo and Land commands ag defined. Anong these Hover, FlyTo, and
MoveTo canmands ae implemented in VCL-based waypoint navigatodaested successfully

as wil be shown in tke following section.

» Target coordinates

This part specifies ttarget coordinat éther in absolw coordinates or in relaticoordinates in
the local Cartesian frame. Etlype of coordinates is specified byetpostfixabs or rel. The
absolué coordinates a referred to th origin in the test field as defined in FigerC.1 in
Appendix. Tl relative coordinate gecify the differene from the lag target point specified by
the previous lire of VCL. If no previous vale is %t, tte current positin is taken as #bae

coordinates Y default.

» Optional parameters
This part provides additional specifiers to shthe flight pattern. Tle availabk options deped
onthe precedng command part. Ifnoreis provided, tle default values stored inglVCL

interpreter Wl be used. Tleregistered optional parameterg ahown below.

In the following, the syntax of currently implemented VCL morands is given.

TakeoffTo <coord>{abs,rel}

. Initiate take - off maneuver to the target altitude

Hover <coord>{ abs,rel }{ heading =<heading>{ deg,rad }}
<durat ion>{ sec,min }

. hover with given heading angle for given time

FlyTo <coord>{ abs,rel }
{vel= <velocity>{  mps,kmps,fps,knots,mph }} {passby,stopover}
{autoheading, heading=<heading>{deg,rad}}
! cruise to certain waypoint stopping over or passing by
14t



MoveTo <c oord>{ abs,rel }

{vel= <velocity>{  mps,kmps,fps,knots,mph }{ autoheading
heading= <heading>{ deg,rad }}

: move to certain way point to stopover with fixed heading

BankToTurn <heading change>{ deg,rad }{{ radius }<radius>{ m/ft }}
{{ vel =<velocity>{  mps,kmps,fps,knots, mph}

: Perform bank  -to- turn during cruise

Land : Perform automatic landing

More detailel descriptions about gactual operatinwill be given as below.

4.2.2 Operation of VCL-based Waypoint Navigator

VCL described in thpreviols fction is executed in a hierarchical struaas shown in Figur
4.25. Thke VCL moduk consists of a user interfapart on the ground station, a languagnterpreter,
and a sequenceon the UAV side. When a missi is given, tie ground qoerator specifies a sequenc
of waypoints with their attribuse sich as th type of waypoint, heading, velocity, etc. When a
missbn is given, tle correspndng VCL command file is uploaded to #wnRUAV control systen and
then executed in a sequential mannere ICL executon moduk (VCLEM) selects th proper
controller for tke flight mode and ¢enerates #referene command. VCLEM monitors th vehicle
trajectory ad cetermines if oa sequene is finishel o not. It also monitors thvehicle status for
possibé troubles in sensor or ¢hvehicke itself. If an error is detected, éliault detecibn algorithm
shown in Figue 4.8 is activatedrad a proper error handig measue is executed. In #hworst case,
the VCL releases thautomatic vehi@ control mo& and returns tle control to tte safety pilot. This
routire is repeated uiitthe end d VCL command script is reachedral the RUAV returns to its
default flight mode. In tfollowing, the keywords ad syntax of VCL ae shown. Currently thVCL

vocabulary covers #basic maneuversndit will be expanded as merflight modes ag realized.
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Figure 4.25 Hierarchical architecteof VCL processing

In the following, the descriptions of registered VCL mwnands ae given.

1. TakeoffTo
This conmand requests thwaypoint navigator to perfor the take-off maneuver. To taloff,

the main rotor shoul genera¢ enough lift to counterac the weight of tke vehicle. Tle take-off
procedue requires a sophisticated coordioatid three contrd inputs: engia throttle, main rotor
collective pitch and the tail rotor collectie pitch. At the first stage, th engine RPM is increased uiht
the hover RPM whik the collective pitch is fixed to a minimal vakiaroind 0 degee One the
engire RPM is kept constant, ¢hmain rotor collectie pitch is gradually increased so ttibe vehicle
follows the vertical moton profile. The throttle valve of the engine is controlled accordingly to
provide enough power to ned the demand d the increasing load o the main rotor at constant RPM.
Although tail rotor does not provethe vertical thrust, it should écontrolled to counteracthe
increasing anti-torqe of the main rotor so thiathe headng is kept constant. The take-off ned
finishes when it reacheseliarget altitué and the autopilot automatically makes transitions te th
hover mode.
In terms of controller design, it is worthwdtb examire the transiton that the helicopterdynamics
gothrowgh during take-off. As ttelift increases, talanding gear receives less supportdaonstraint

forces by tle ground surface. Befa take-off, the ground supports th entire weight of tke helicopter.
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As themain rotor rotatesral generates #hlift, the ground supports less podn o the weight. The
frictionforce exerted by tle ground also gets smaller iad the helicopter starts drifting. TéHateral
force of thetail rotor acts to tip off thelicopter wha onthe ground and acts b drift sideway when
airborne. Tle main rotor goes thrajh a transitbnin terms of tie ground effect. When th helicopter
is onthe ground, tle ground effect is stongest and it becomes weaker asethelicopter gains altitude.
The take-off controller shoulddxrobust or adaptenoughto cope with the uncertainty adthe

disturbane that tte helicopter experiences dogthis mode.

2. Hover

Hover is tle most important flight maoslto implement becaesof its dgnificana in many
ways. Hover is a very uniguand useful maneuver that a rotorcradt gecialized & dfer. Although
hower indicates té stationary flight in tk air, the Hover cammand is also al# to perfom the
headng chan@ by providing the target headig in the VCL. In this ®nse, tbB Hover command
covers tle hover and pirouete flight mode defined in Figue 4.24. InHover cammand, @ the loops
in multi-loop SISO controller (Figer4.8) ae activated to staytahe given coordinat while tracking
the referene heading. When #hrequestd headng in the VCL line is different fran the current

heading, a smobtheadhg commandis issued by thwaypoint navigator as shown in Figut.26

Yaw Angle Profile

Targd

U]

Initial

\

start sat end

Figure 4.26 Referereyaw angk profile

3. FlyTo
FlyTo is the primary canmand to mowe between relativel distant waypoints with accuracy. In
this flight mode, tk vehicle turns to tle target waypoint ad then gaes throgh (1) acceleration, (2)
cruises, and (3) decelemrai phases constrained byetlpredefinel a VCL-specified maximm
velocity. The headng is constantly controlié during the whole period d this momen to poirt the

target waypoint. Sirecthe helicopter can stop over a point dwgia flight, the waypoint can b éther
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a stop-overor a moe conventionalpass-bywaypoint. As implied in ttname, tle stop-over waypoint
is whee the helicopter should stopnd hower. The pass-by waypoint is whetthe helicopter should
go through without stoppmg over.

The FlyTo maneuver is controlled by ehowver controller developed in Semti4.1.1 under
the assumptin d low-speal flight. The waypoint navigator generatesetheferene values for
velocity, position, ad headng and passes tha to the low-level controller in realtime. As a stan
point, we use a heuristic trajectory proélfor forward flight. Typically, tle vehicle maintains a
constant grond spead while the heading remains fixed. Therefore, éhwaypoint navigator should

generag the referene commands in tie following way:

Altitude: constant
Heading: constant

Longtudinal maneuver: foll the trajectory (Figue 4.27)

o O O O

Lateral velocity: zero

Explicit coordinae transformatn as a function of heanljis performed for talinear controller.

4. MoveTo

MoveTo is a specialow-speed maneuver developed for gralidjed tracking in the pursuit-
evason game[2,3]. In this game, helicopters, astherial pursuers track é¢lground-based evaders
following a sequereof waypoints that is generated byetsirategic planner. This maneuver allows
sideslip as wle as forward/rearward main with fixed headng so tha the coordinaton d the headng
with the flight direction is kept simple. Tafixed headhg has another advantages in terms of camera
frame compensatin and emergency take-over byeahround pilot.

For this maneuver, ¢hbas hower controller in Seabn 4.1.1 is again adopted. &leontroller
receives th reference trajectorieboth in x and y direction while the headng is regulated to
requestd headng by VCL or tre default vale if nore is gecified. Tl referene trajectories a&
similar with the ore for FlyTo command. Tle following referene commands ae passed to #

regulaton layer.

Altitude: constant
Heading: constant

Longtudinal maneuver: foll the trajectory (Figue 4.27)

o O O o

Lateral maneuver: follg the trajectory (Figue 4.27)
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Figure 4.27 The acceleration, velocity,ral position profile for low-speed forward flight

The VCL-basa@ mavigatbn can & eecuted in a batch medr in an interactig mode. In batch mode,
a VCL file is uploaded to thhelicopter ad the VCLEM sequences thrah the give command. In
interactive mode, tie VCLEM waits for the request frm the ground statbn a any authorized souee
and execue the received VCL lie and gaes back to standybhower maneuverA flowchart for the
batch modis given in Figue 4.28.
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Figure 4.28 Flowchart of VCL-based waypoint navigatin batch mode

4.2.3 Validation of Waypoint Navigator

Validating the waypoint navigatin algorithm is a nontrivial problem becaus sone part of the
flight contrd logic canna be checkeél during simple ground tests de to flight condtions. For
example, reachp sorre waypoints § smply na reproducibé on the ground. Hence, saammethod
should te devised m arder to fully validate the navigaton algorithm and avoid any fatal consequences
during the flight experiments. In this research, an ingenious vatidatiehod exploiting the support
for the MATLAB/Simulink S-functon written in C is developed. This approach exploite th

resemblane of the executon mechanim of the S-functonin Simulink and QNX FCS. Tle Simulink
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integraton engire calls the simulaton blocks including S-functon blocks at certain rates requested by
each block. In thQNX FCS, tle VCL navigator is called right after emavigaton data fran the
DQI-NP INS is read every 20ms. Bdsen this observation, 1ZWVCL coce can (e tested in tk
Simulink environment.

The navigaton code is first divided into two parts ofehvrapper and the core codes for tk
navigaton contrd logic part. Tl individual wrapper codes arrequired for tke Simulink
environment ad QNX RTOS. Tle wrapper for Simulik interfaces th core coce with Simulink
numerica integraton engine. Moe specifically, tke wrapper decomposesetincoming signal vector
into a suital#® data structur used in VCL coe code, ad formats tle control canmand into an
outgoing signal vector. Likewise, to maintain compdlitly of the VCL core code, a similar wrapper
is written for tle QNX environment, which performs almost identical tasks diféerorly in the
actual data structure. Gmche functionaliy of thes wrappers is full validated, then & can
concentrad on the development of VCL ca coce by testhng various approaches without fatal
accidents dunig the test flights. Another great benefit is thhe fully validated VCL by Simulik has
a good chane of functionhg correctly in tke actual test flight when used Wwithigh-accuracy
simulaton model. Durihg a series Dflight experiments, this clai turned out to be true becaus the

flight results of VCL implementations shosveery similar behavior to thsimulaton results.

~ 7’ -
wr ?pp er ~~. 7 Wrapper
or PES for QNX
Simulink > . ECS
N
C le t oS ot [ veL oS
ompileto ~~ _ Core N _
Generate S-function ~~ _ _ N Code .4 Compile tobl

module R _r7 QNX Executable

Figure 4.29 The validation method using MATLAB/Simulink

The proposed VCL processor is implemented ia dnboard flight software. Thiftware is
first validated in MATLAB/Simulhk and is then tested in real flightoadtions. In the following
section, tle simulatbn results ad the actual experiments of VCL agiven. Figue 4.31 show ome
sampé VCL code describhg a sweeping pah o a certain area. Figard.34 shows a sequenof

MoveTo maneuvers, which simulatesetivaypoint request by a strateplanner for pursuit-evasn
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game. As thas grapts suiggests, th VCL processor could exeaithe requested maneuvers with

acceptal# accuracy.
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Figure 4.30 Simulhk model for waypoint navigain

It should ke noted, however, that validatiin more detadl should & performed by dardware-
in-the-loop simulaton schene becaus the proposed méiod using Simulink validates only ta
control and sequencig logic part of VCL in C-cod form. The true behavior of FCS softwarwhen
implementd ona PC board runng QNX RTOS is affected by éhfactors relateda hardware-
specific problems of sensorschrealtime performane of realtime software. Currently, research
efforts ae being made to construct a hardware-in-the-loop simufatonning a realtine simulaton

model.
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Chapter 5

Conclusion

This dissertatin has introduced #hdevelopment of a hierarchical JAV autopilot desin which has
been conducted & the University of California & Berkeley. As our gdais to build tle autopilot
systen hardwae and softwae and integrat these with cammercially availabé radio-controlled
helicopters whas dynamic mode is not known a priori, tke helicopter model, onbodrhardware,
software, ad experimental setup haween established frm the bottan to the top durhg the last
three years. Tk helicopterdynamic model was faud using the norlinear aeodyramic models iad
was sgmplified to the linear hover model. Bask onthis LTI model forhower, two dfferent control
theories, classical SISO contratchu-synthesis control, ardeployed for vehid stahli zation. Both
of the® hawe bee tested in real flight experimenhdshown reasonabberformances. Tecontroller
for hower is designed with ghlinear SISO multi-loop control approach. In adtitio the classical
approach, tau -synthesis attituglcontroller is designednal tested successfylionthe Yamaha R-50.
Both o thes approache showed satisfactory results. @ISO multi-loop controller is then used as
the low-level vehick stallization layer in the hierarchical structw and it is integrated with th
middle level waypoint navigator.nl arder to provig mission-independent universal vebiguidane
and contrd interface, te novel concept of VCL is proposedi@dimplemented in Ursa Magna 2. &h
first-generatin VCL systan could perform, as promised, different missions whenewensksociated
VCL script fileis uploaded.

The research presented in this disseorafirovides tle footsteps for our visionary futamorks.
The methoddogy ceveloped so far plays a crucial @dh the autopilot systm and the higher-level

missbn scenarios Wil be implemented ad testel ontop of this work in real scale. €hleveloped
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methoddogy can ke repeatedly appliedotdfferent helicopters wit orly minor modificaton and we

will be ableto implement a #d of RUAV in a networked system.

As of now, tte following research topics abeing investigated as #ongang effort:

* Pursuit-evagin game

The Pursuit-evagsin cane is a scenario thahvadves a multipk number of auinanous ground-
based ad aerial aubnamous vehicles that aguided by central or distributed controllers.eoal of
this gane is to find the evaders in a field. Ténpursuer should actively build a map oéthrrain and a
probalili stic map to fnd the ezaders. On thother hand, th evaders mogin the field by randam rule
or by actie erasive motion using similar ma building techndogy. The work proposed so far makes
it possibek for the aerial vehiat to follow the waypoint conmands received from éstratgy planner,
whos god is o guide the pursuers thragh the optimal trajectory Currently, tie VCL command for
the pursuit-evagin cane is alrealy implemented ad will be integrated into th hierarchical control

systen for the pursuit-evagsin games.

» Vision-basé navigation
As mentioned, thUrsa Magna 2 is equipped with a dedidatsion processig unit (VPU).
The VPU is nov capabé of color tracking and motion estimaton using the color pan-tilt-zom (PTZ)
camen and the frame grabber. Th FCS is onrected with tke VPU via RS-232 ad sends flight
information upon the request of th VPU. When tle vision-basd navigatbn is enabled, tbVPU will
send the navigaton command to the FCS. Currently, th color trackihg and motion estimaton
algorithm hawe been tested in real flightests ad the vision-based serviog algorithms ae being

developed adtested in th simulatbn environment.

» Testbed for advanced wirelessreaunicaton protocol

Modern aubnamous agents opertsolely with wireless ammunicaton links. A clumsy
umblical cord is a tmg d the past ad simply unacceptablfor advancd gperations. Therefore,
wireless cenmunicatbn is vital for the operaton d unmanned awnamous vehicles. As thnumber
of agents increases, ettmanagement of thwireless network also becomes an importanteigsu
address. Currently, a joint research with Stanford Research mtiteitnationdis in progress. Teén
unigue feature of this work is that ay nod can ke the active agent o repeater depenmttj onthe
situatbn d the network. Therefore, if #asone agentsgo aut of the communicaton range of the base,
the communicaton link can sill be established if ther are agents beteen them. Tle in-between
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agents automatically arthemselves as ¢repeaters rad the communicaton packets can dorelayed
to/from the bagin amulti-hop

Another important part is éhquality of servie (QoS) of tke network system. Amng many
aspects of th general tan QoS, ve are interested in th realtime natue of the wireless
communication. Tle QoS of tle CSMA/CD protocol, which is used currently, degrades quicklyaf th
number of agents or ¢hamount of data transferred increases. Inesapplicatiors sich as
coordinated flight, tb demand for realtime communicaton is very high and sone alternatie

protocols ag being sought.

» Coordinated flight
When multipk numbers ofUAVs fly in a clog rang or in a potentially conflictig course, th
situatbn has to ke resolved in somway. Thee must & sone way © knav the current posibn d the
agents in th vicinity and to estimag potential conflictsn rear future. Actie sensos sich as visin
systems or laseange finders would le ore solution to deted the nearby agents. Another way is to
exchang the information d the positon d the participatng agents via reliakl realtime wireless

network.

» Testbed for advanced corttaw
As mentioned may times, tle control of a helicopter is a very challengiproblem. Currently,
the classical SISO approach is mowidely accepted thanng aher advanced control theory.
However, significant improvementseaexpected if moe advanced control theorieseagipplied with

an accurasysten nodel.

» Testbed for Open-Control Platfa{OCP)

The current control systa is implemented as proprietary system. Althlouhere are many
research efforten similar helicopter control problems,etactud implementations @&mnot compatike
at all. The motivaton d the OCP is tle development of a unified softwardevelopment rad
executon platform that enables formal validati and reuse of previous work. Currently,
collaboraton with the Boeing OCP tean is underway ad the newv Ursa Maxima is planned tcelthe
first UAV that flies with tke OCP realtine software.

As reviewed so far, thoriginal singe UAV control problen has diversified i numerous
challengng research topics. Ehgroundwork presented in this workillwenabé the validation o
theeresearch topics mentioned abdhrough actual flight tests.
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Appendix A Hardware Configuration of
Berkeley RUAVs

A.1 Ursa Minor 3

The key desgn concept of Ursa Minor 3 is a low-cost, smallesind easy-to-maintain BAV
testbed suitaklfor basic navigatin and controller testing. T airfrane itself is relatively cheaper
than other larger sizRUAVs and maintenane and repair work is very easy becauseplacement
parts ae readily availak# and nd expensive. Limited by thsmdl payload, tle onboad hardwae is
kept minimal for basic aahamous navigatin solely basé on INS and GPS. At first, tle
communicaton d Ursa Minor 3 relid on the wireless mode and later it gae its way to Lucent
WaveLAN(late renamed Orinoco). HEilight computer consists of sirgbtadk of PC104, consistig

of main CRJ board, serial port extender, counter/timer board, outike-over board,

—— S-VGA, Keyboard, PS-2 Mouse
Multifunction CPU Board
(Cyrix MediaGX 233, VGA, 2 serial ports)

COM1: GPS

—— COM2: Wireless Modem

— —— COM3: DQI-HV
4-Serial Port Expansion Board COM4: DQI-GPS

— —— COMS5,6: notused

Counter/Timer Board (82C54)

PWM
DOUT(Relay activation)

PWM In (from receiver)
Take-over Board 4E PWM Out (to servos)
— Optical Encoder (Engine RPM)

Ethernet Board ) Orinoco Ethernet converter

ISA BUS (PC104)

DC-DC Converter DC Power 24V

Figure A.1 Flight computer layout of Ursa Minor 3
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Table A-1 Interrupt aad bas address setig d Ursa Minor 3 FCS

Device Base Address IRQ
/dev/serl Ox3F8 3
/dev/ser2 Ox2F8 4

CTC: PWM reading 0x240-0x244 5
TOB: reserved NibAssigned 7
/dev/ser4, /dev/ser6 Ox2E8, 0x2A8 10
/dev/ser3, /dev/ser5 Ox3E8, 0x3A8 12

Ethernet 0x320
LPT1 0x378

A.2 Ursa MagnaZ2

The Ursa Magna 2 is thprimary platfom for most fligh tests of Berkeley BAV research
now. The Ursa Magna 2 was constructed to seag a testbed for low-leveb thigh-level control
algorithm, vision-bagknavigation, ad an aerial agent for pursuit-evasigame. It contains two Intel
Pentium LittleBoard®, ore for flight control and the other for vison processing. Thesboards as
larger and heavier than th CPU board used for Ursa Min@ bu offers moe powerful computig

capability. D to the different board setup, a slighttifferent set of PQ04 peripheral cards is used

as shown in FigwA.2.
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PWM In (from receiver)
Take-over Board 4E PWM Out (to servos)
— Optical Encoder (Engine RPM)

CTC output

Counter/Timer Board (82C54) DOUT(Relay activation)
=
o
b .
/::>i: Q FlashCard Carrier
(%]
o]
[an]
1<
0
DC-DC Converter DC Power 24V
W
o L
COM3: DQI-HV
] COM4: DQI-GPS
4-Serial Port Expansion Board COMS: Vision computer
COMG6: Ultrasonic sensor
Multifunctional CPU Board: Ampro Littleboard P233e
(Pentium 233MHz, 4 serial ports, parallel port, Enternet 10BaseT, dual IDE, S-VGA, SCSI)
| "
Serial Port COM1: GPS §
S-VGA, Keyboard, PS-2 Mouse \_E COM?2: Wireless Modem =
Orinoco
COM3-4: disabled Onboard LCD Panel

Ethernet converter or
Tail Status Light Array

Figure A.2 Flight computer layout of Ursa Magna 2

Table A-2 Interrupt aad bas address setig d Ursa Magna 2 FCS

Device Base Address IRQ
/dev/serl Ox3F8 3
/dev/ser2 Ox2F8 4

CTC: PWM reading 0x240-0x244 5
TOB: reserved NibAssigned 7
/dev/ser4, /dev/ser6 Ox2E8, 0x2A8 10
/dev/ser3, /dev/ser5 Ox3E8, 0x3A8 12

Ethernet 0x320

LPT1 0x378




Figure A.3 Insice view of Ursa Magna 2 FCS
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A.3 Ursa MaximaZ2

The avionics of tle Ursa Maxima 2 is designed to sels the testbed for latest research topics
such as onlie identification, faul tolerance, unfalsification, advamtedyramic multi-hop
communicatbn and realtime high QoS conmunicaton system. Fully takig advantag of the ampke
payload d Yamaha RMAX, tle avionics contains up to four PC104 computers. écthrent design,
two computers ardedicated to tflight control and backgroud gtimization. O computer is for
vision processig and another is for advanced wirelessnmoaunication. Thes four computers
communicae ore another throgh the onboard Ethernet hulnd the communicaton computer serves

as tle gatewq of the advanced wireless nornunicaton using the Lucent Orinoco system.
PTZ
CAMERA

VISION
COMPUTER

Flight status

Flight | status State estimates

Fligit status ompressed video

ROUTER
FreeBSD

PC {4
Lucent
Wavel A0

Figure A.4 The information flow in the avionics of Ursa Maxima 2

— 05232
i Cthernet

GROUND
STATION
WINS8
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Figure A.5 Avionics for Ursa Maxima 2



A.4 Servanotor Control

A servomotor is a compact electromechanical @esimsisthg d a DC motor with a built-in
fealback circuit. Thes servomotors accept pulse-width moduat{PWM) signals as threferene
input. The PWM signal has fixed peod and the duraton d on-duty varies fran 0.8 ms ~ 2.4 ms as
shown in Figue A.6.

The controlled autput shaft anglis proportional to tb on-duty duration d the PWM signal.
The midpoint vale of 1.6 ms corresnds to the neutral positin d the servo.A potentiometer that is
geared with th output shaft measuresetbhaft angle. This measurement is fed tiytoa comparator
and motor driver circuit, which minimizes ¢hdifferene between the actual shaft angland the
commanded angle. In this mannergtbutput shaft of th servomotor is actuated toetkarget angt
proportional to tk on-duty period whé resisting the external torque.

0.8-2.4 ms
on duty 14-25 ms period

A ) L) Ll

Volt

>

time [msec]

Figure A.6 The characteristics of PWM signal for servomotors

The five-sewo configuraton is the common setup of #4 Berkeley RJAVs. Tthe differences
come from the PWM characteristics of each receiver.eTKyosho and Bergen helicopters ae
equipped with th receiver/servomotor systeby Futaba Inc. Japan. Wheperated in PCM (Pués
Coded Modulation), #aperiod d the PWM signd is 14ms whit the on-duly duration is identical to
the specificaton shown in Figue A.6. The PWM signals of dl channels a synchronized so thahe
rising edge of the PWM signals occurs tathe sane time. In Yamaha helicopters, however, thegiod
of the PWM signd is measured as 21.78 madahe PWM signals ae not synchronizedsashown in
Figure A.11. The Yamaha RMAX does not reqeiP\WM signd intercepton becaus it offers a moe
sophisticated interfacthough serial ports. Tareceiver statusral the sewo command are transmitted
by RS-232. This approach improvese theliablity of the overdl systen becaues the wires
transmittng the PWM signal for the sewo control ae not intercepted byrgy external custm circuits.

However, tke real time performane is degrade due to the transmissin time of the control data over
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the serial canmunicaton channel, which is approximately 14ms.elPMWM signal fram the receiver
has tke direct correspndene with the stick manipulatin d the radio transmitter by #ihground pilot.
This capaliity is essential for # systen identification using an input-output sampledata set
(Sectbn 2.2.8). The circuit diagran to read ad generaé the PWM signal for servomotor is shown in
Figure A.7. Thee are many dfferent ways to implement PWM genemticircuit. In this research,
rather traditional but versatilntel 8254 counter/timer chip [44] is used.@ntel 8254 chip contains
threeindependent counters. Each counter haslénbit read/wrie register ad is controlled by thee
lines CLK, GATE, ad OUT. The counter ca goerat in ore of six user-selectalelmodes. In this
research, modes 0, 1nch3 are used. Moé 0 works as a simplcounter, decrememtj the register
value by ore when tte falling edege of CLK is detected tad GATE is pulled up high. Hence, mef is
used for tle engine counter by pollg the number of pulses durj a constantime interval. Mo 1 is
called “hardwae retriggerabé one-shot” ad is used for th PWM signal generation. TdnCLK is
conrected to &known accurat clock source, whichsi &t to 2MHz. GATE is onrected to th trigger
source, which is different aong helicopters.

The take-over board (TOB) is a custoprint circuit board in PC104 format. This board
performs a numberfdfunctions vital for awinanous RJAV flight. It resides in th PC104 ad
operates in cooperati with a Counter-Timer Board (CTB)which has twehe 16-bit counter units,
and ore 8-bit input and 8-bit output bufferd dgital I/O port. The TOB consists of th following

components:

- Fivesets of electromechanical relays

- Opto-isolator at inputrad autput side

- Step-down counter with interrupt selectjumper
- Buzzer

- Isolated ¥ regulator power supply for receiver power

The primary tak of TOB is switching the soure of the PWM signal for the servomotorsnthe
helicopter. Tl TOB is onrected with te CTB, radio receiver output, se&r input, and engire
encoder. When thvehicle becomes unstadby the PWM signal generated by &onboard controller
for any reason, & nedal to recover th vehicke by the radio control of tk human safety pilobn the
ground. This is performed bydlinserton d five relays in parallel, which switch étsewvo control
from manual radio control to thcomputer control. Tdn dectromechanical relays echosen so that

the control can b automatically recovered when ettonboard battery power is drainedda

! Diamond Systems Cooperation (httwttv.diamondsys.com)
174



consequently threlays de-energize. Duig manual flights, threlays ae turned of and the output of
the radio receiver is anrectel drectly to the servos without goig through toisolators. When samn
or dl channels of servo contsokhould ke taken ower by tte flight computer, tk relay control signal

is outpu through the digital output port of CTB ad the PWM output fran the CTB is injected into
the servomotors thragh the opto-isolators.

VCC_RCV vce

R1
4.7K

1S01
OPTO ISOLAT®RcB4

RCV_oulo

CRYSTAL Yl
ug
N\ 8 R4
DO
7|00 4.7K
D2 cLKO
21 D3 GO
D4 ouTo a
D5
\
7 o6 CLK1 JeeRey
N 1 14 9
D7 G143 = ¥ o8
ouT1 ——4
2 | — I A N
5 RD_ 18 RCV_OUTO 2_
9 XVOR még 16 - % .53 SERVO OUTI
CTC_OUTO0
0] outs [T JSO CTC OUTO 4 & . vee
N2l =2
2 | =5 10

R6
100

RELAY DPDT
\/C 5

9 \N ouT 12
COM

©ULN2003A

Figure A.7 Schematic diagra of ore channéin TOB
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Yamaha R-50 RX signal Timing Diagram
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Figure A.11. PWM signal diagma for Yamaha R-50
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Appendix B Data Structure

A number of messa&gormats ae defined for tle communicaton anong aerial vehicles, grand
vehicles, vigbn processig units, aad gound monitoring station. Tk custan messages deliver
navigaton senso reading, control output, veh&ktatus ad so on A messag format consists of
header ad body and each part has its own checksfor extended robustnessadsecurity. This typ
of the data format originated fro the Boeing DQI-NP and it was intended to work under streaqi
data conmunicaton channel. This characteristic suits our applaatibbecaus our primary
communicaton channels ar ather serial conmunicaton or streamed TCP. In ¢hfollowing, the

general data structeiand the format of individual messageseggiven.

* General data structure

Type (()J;fee)t Data field type Description (gxoanr;epr;te)
0 WORD" Starting marker 0X81FF (always)
2 WORD Message ID 1101(decimal)
Header 4 WORD Data field size
6 WORD Flags
8 WORD Header checksum
10 Any type Data field 1
Body N Any type Data field N
N+2 WORD Data checksum

Every messagstarts with tle marker 0x81FF. Then ¢hmessag identification number, data
field size, flags ad the header checksun follow and constitue the header. Th data filed sie is the
number of words of #hbody except for tle data checksum. Hiflag specifies various handshagji

attributes of individual messaguch as th adknowledge request. Th checksums @& computed by
the following equations:

Header checksum=-0x81FF-(Message ID)-(Data field size)-(Flags)

Data chekcsum=-(Data field 1)-....-(Data field N)

In the following, the data structures for various messages usedriresearch alisted

Y In this case, it is defined as 2 byte integgmpédef short int WORD )
17¢



Message 1001

Content: PWM readqg d receiver ad control output, engmRPM, digitd i nput/output

Offset from Data field Description Unit
Body type
0 WORD Receiver Chan #1 0.5ps
2 WORD Receiver Chan #2 0.5ps
4 WORD Receiver Chan #3 0.5ps
6 WORD Receiver Chan #4 0.5ps
8 WORD Receiver Chan #5 0.5ps
10 WORD Control output Chan #1 0.5 us
12 WORD Control output Chan #2 0.5 us
14 WORD Control output Chan #3 0.5 us
16 WORD Control output Chan #4 0.5 us
18 WORD Control output Chan #5 0.5 us
20 WORD Engine RPM Zﬂfgggn‘fgt
22 WORD Digital Input/Output
24 WORD Data checksum
Message 1002
Content: Ultrasonic sensor readings up to four sensors.
Offset from Data field Description Unit
Body type
0 float Ultrasonic sensor #1 m
4 float Ultrasonic sensor #2 m
8 float Ultrasonic sensor #3 m
12 float Ultrasonic sensor #4 m
16 WORD Data checksum
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* Message 1101

Content: Vehi@ navigaton information from Boeing DQI-NP

Kalman estimator

and the high rate position

Offset from Data field Description Unit
Body type
Difference of roll, pitch, yaw
0 |:ixec|[3]l since last measurement degree
(10ms interval)
Difference of velocity in north,
. east, up since last
12 Fixed[3] measurement m/s
(10ms interval)
. Attitude
24 Fixed[3] : degree
(pitch, roll, yaw)
) Velocit
36 Fixed[3] y m/s
(north, east, up)
Position w.r.t.
48 double[3] i ) m
Local Cartesian coordinate
Reserved; originally intended
72 double for single ultrasonic sensor
reading
80 WORD Data checksum

* Message 2001

Content: Control aabh request fran ground post. Tk Control ID field contains #control

type requested by thground goerator throgh the monitoring program

Offset from Body Datt;pféeld Description Unit
0 WORD Control ID
2 WORD Reserved
80 WORD Data checksum

! Non-IEEE standard floating point representation [45]
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Control ID Value Description
CEM INIT 0 The controller is just
- boot up and running idle
CEM SMANUAL 1 The helicopter is being
- controlled manually
CEM SMODE1 2 Controller Mode 1 is
- being executed
CEM SMODE?2 3 Controller Mode 2 is
- being executed
CEM VCL BATCH 11 VCL is now executed in
- - batch mode
CEM_VCL_INTERACTIVE 12 VCL is now executed in
- - interactive mode
CEM ABORT 1 Abort the current control
- mode

* Message 4001
Content: tle vehick position, attitude, iad the time stamp.

Issued by th flight computer when requested byetbnboad vision computer. Tk

navigaton informationis referenced for camera coordimabmputation.

Offset from Data field Description Unit
Body type
0 double UTC sec
Position w.r.t.
8 double[3] . . m
Local Cartesian coordinate
Attitude
32 double[3] ) degree
(roll, pitch, yaw)
56 WORD Data checksum




Appendix C Helicopter Operation

Actual flight test is tke crucial stag to validae the proposed algorithms for guidance,
navigation, control, hardware, softwaand so on Conducting a test flight is p nature a very
dangerous process becaws the dangerous operaitj condtion d the helicopter-ty airframes used
in this research. Careful experiment design, equipment check, soffelargging, ad any and every
effort for perfectbn is required. Th e&periment is als heaviy dependenton the circumstantial
factors aich as GPS signal characteristics, weather, geograptiytteer surroundig factors. In this
section, tle detailed informatin about tle experimental setupral test flight procedures is presented.

Proper setup of BAV is required for saf and correct operatin & a RUAV. A RUAYV is

operated in tafollowing ader:

Carefliinspectbn o onboad hardware/software
Onboard sysim battery check

Pre-flight RJAV checkup followng a checkup list
Positon o the RUAV in theflight test field

Setup of thground station

Start of tle ground staton and orboard flight computer

Start of tle flight computer software

© N o o0 b~ w NP

Initialization d the navigatbn sensors

- GPS lockup

- Initialization o INS

9. Start of tleradio transmitter iad receiver
10. Start of th helicopter engine

11. Chek of the airframe with low-spead and low-altitude manual flight
12. Perfornmg d the intended flight

13. Landing andrecovey of the vehicle

14. Switchhg df the dectronics equipments
15. Cleanup of taexperiment

16. Post-flight inspeath d the RUAV
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Berkeley
Richmond Field Station

N\

| (837.91502398,-122.33730990) |

Helicopter
Take-off Position
Geodesic: (37.914397, -122.336828)
LLC: (56.6584,-65.2156,-1.0039)

Mission Post

(37.91415614,-122.337389401)

[ 1

| (837.91401286,-122.33630415) |

(37.91470877,-122.33620046)
oy 7

Origin (Red
hydrant)
(37.91388540,

-122.33609599,
/ -26.2)

Figure C.1 Aerial viav of thetest flight siein Richnmond California
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Figure C.2 Thre operaton d the ground statbon for BerkeleyUAV research
(left: notelmok computer with wireless network cajilaty, monitored by Hoa Chung;

right: ground safety pilot with radio controller; &author)
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AGC
CSMA/CD
COTS
CTC
DQI-NP
DSP
ECEF
FCS
FUAV
GPS
IMU
INS
P
LAN
LTI
MIMO
OCP
PC
PCM
PEG
PEM
PID
PWM
RTOS
RUAV
QoS
S/IA
SAS
SISO
SSD
TCP
TDMA
UAV
UDP
uGgv
VCL
VCLEM
VPU
WGS
YACS

Appendix D Glossary

Automatic Gain Control

Carrier Senag Medium Access/Cti sion Detection

Caonmercial Off-The-Shelf
Counter/Timer Chip
Digital Quartz Instrument-Navigati Processor
Digital signal processing

Earth-Centered Earth-Fixed

Flight Control System

Fixed-wing-based Unmanned Aerial Vehicle
Global Positiong System

Inertial Measurement Unit

Inertial Navigathn System

Internet Protocol

Local Area Network

Linear Time-Invariant

Multi-Input Multi-Output

Open Control Platform

Personal Computer

Pulse-Coded Modulation

Pursuit-Evash Game

Prediction-Error Métod
Proportional-Integral Differential
Pulse-Width Modulation

Real-Tire Operatng System
Rotorcraft-based Unmanned Aerial Vehicle
Qualiy of Service

Selectie Availabili ty

Stali ty Augmentaibn Systen

Single-Input SinglOutput

Solid-Sta Disk

Transmissin Control Protocol
Time-Division Medium Access

Unmanned Aerial Vehicle

User Diagrm Protocol

Unmanned Graud Vehicle

Vehicle Control Language

Vehicle Control Languag Executon Module
Vision Processig Unit

World Geodetic System

Yamaha Attitued Control System
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